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Section 7 
SIMULATED ALTITUDE FLIGHTWORTHINESS DEMONSTRATION TESTS 


7.1 TEST OBJECTIVES 


Altitude testing of the XLR 81-BA-13 engine as modified under project Sure Fire was 
conducted to demonstrate the engine flightworthiness. All tests, except the checkout 
firings, were performed at a minimum simulated altitude of 250,000 feet. The tests 
were conducted at the Arnold Engineering Development Center (AEDC) Tullahoma, 
Tennessee, during the period between 7 February 1966 and 2 April 1966. Testing 


was performed in three phases for test areas and objectives as follows: 


e Ignition Confidence Tests. To verify safe and reliable start and shutdown 
operation of the modified XLR 81-BA-13 rocket engine. 

e Mission Simulation Tests. To verify the engine operating characteristics 
over the maximum expected range of pump inlet pressures and tempera- 
tures of hardware and propellants for the Gemini mission. 

e Malfunction and Cold Temperature Tests. To explore and evaluate engine 
operational characteristics resulting from the imposition of single mal- 


function modes and low temperatures. 
7.2 TEST ALTITUDE REQUIREMENT 


The requirement for testing the modified XLR 81-BA-13 rocket engine at a simulated 
altitude in excess of 250, 000 feet was recommended at the Symposium on Hypergolic 
Rocket Ignition at Altitude, held at LMSC on 12 and 13 November 1965. During the 
Symposium it was generally observed that a characteristic minimum pressure in the 
thrust chamber must be attained before hypergolic ignition will occur. In hard 


vacuum this pressure can only be attained by the evaporation of the preflow propellants. 
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Since no significant reaction can take place in the solid state, the evaporative process 
becomes important at or below the triple point pressure of the propellants. Propellant 
injection below the triple point pressure where only solid and vapor phases exist, can 
result in a significant accumulation of mixed propellants or preignition compounds 
before the pressure/time relationship of the evaporative process produces the pres- 
sure level required for ignition. The theoretical value for the UDMH triple point 
pressure was given at the symposium as 8.3 x 107° psia. As this is lower than the 
oxidizer triple point pressure it was used as the basis for the recommendation to test 
at altitudes in excess of 250, 000 feet (a pressure at least a factor of two lower than the 
fuel triple point pressure). Subsequent tests at LMSC have shown the triple point 
pressure for UDMH is 5.8 x 10°4 psia. However, the test altitudes of 350, 000 feet 
nominally achieved during the AEDC testing were more than adequate to satisfy the 


Symposium test criteria with the revised value for the UDMH triple point pressure. 
7.38 TEST FACILITIES 


The simulated altitude testing was conducted in the J-2A test cell (Fig. 7-1) of the 
Arnold Engineering Development Center in accordance with the test schedules out- 
lined in Project Sure Fire Test Plan for XLR 81-BA-13 Rocket Engine Altitude Test 
Program at AEDC, Revision D, LMSC-A776806, 28 March 1966. Total cell occupancy 
period was 8 Dec 1965 to 8 April 1966. 


7.3.1 Test Facility Configuration 


The J-2A cell is a vacuum chamber within a vacuum chamber with an access cylinder 
attached to one end and a pumping manifold and engine exhaust gas removal duct con- 
nected at the other end. As shown in Fig. 7-1, a 20-foot diameter external duct (A) 
forms an outer shell enclosing the welded stainless steel liner (B) which contains 
thermopanel sections for liquid nitrogen cooling. An 8-foot diameter by 8-foot long 
personnel and equipment access cylinder (C) is mounted to the forward liner bulkhead. 
Special instrumentation ports are provided in this cylinder to accommodate all test 
article instrumentation and electrical power connections as well as propellant plumbing 


into the test cell. 
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Extending through the aft liner bulkhead is the ducting system which provides for liner 
evacuation and removal of engine exhaust gases. This ducting system consists of two 
concentric manifolds: a 9-foot diameter outer liner pumping manifold and a 7-foot 
diameter inner auxiliary pumping manifold. Concentric with the inner manifold is 

a 6-foot diameter engine exhaust diffuser duct (D) which extends approximately 40 feet 
from the engine nozzle extension exit to the diffuser exhaust valve (E). The hydraulically 
operated diffuser exhaust valve, hinged to operate as a door, and the restart valve (F) 
isolate the diffuser duct from the plant exhaust duct (G). The restart valve contains a 
thin mylar rupture disc (P) which can be replaced between engine firings by the multiple 
disc changer (H) while maintaining simulated altitude. This arrangement permits 
evacuation of the interior of the engine thrust chamber and the upstream diffuser duct 


to the same test altitude as the liner section. 


The Agena engine (I) was mounted on a liquid nitrogen cooled thrust butt (J) in the liner 
section of the chamber with the nozzle extension exhausting into the diffuser duct. A 
flexible silicone rubber seal (K) around the lip of the nozzle extension sealed the liner 
section from the exhaust diffuser duct. Accumulators (L) were used upstream of the 


engine pump inlets to maintain pump inlet pressures during the start transient. 
7.3.2 Facility Test Operations — Pre-Fire 


A combination of pumping systems is used to evacuate the liner (B), annulus (M), 
access cylinder (C), and diffuser duct (D) volumes while the plant exhaust machinery 
evacuates the exhaust duct (G) downstream of the diffuser exhaust valve (E). When 
the exhaust duct pressure has been minimized by the plant exhaust machinery, the 
differential pressure control valve, which allows the volume between the mylar disc 
and the diffuser exhaust valve (E) to be reduced to the annulus pressure, is closed 
and the diffuser exhaust valve (E) is opened. During this period, the diffuser duct 
volume between the mylar disc and the engine has been pumped down to liner pres- 
sure through a valve connection to the liner volume. The engine turbine exhaust duct 
(N) bypasses the main engine exhaust diffuser duct (D) and vents directly into the 
plant exhaust duct (G). For the first firing of any one series, the turbine exhaust 
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duct (N) is isolated from the plant exhaust duct (G) by a mylar rupture disc (O) and 
the turbine exhaust duct (N) is evacuated by a valve connection to the diffuser duct (D). 
This mylar disc cannot be replaced between firings without shutting down the plant 


exhausters and returning to atmospheric pressure. 


Between firings, the engine turbine exhaust is maintained at the maximum cell altitude 
through the valve connection to the diffuser. Prior to firing, this valve is closed and 
the valve to the facility exhaust duct is opened. The time that the test cell is at altitude 


conditions is defined as "air-on." 
7.3.3 Facility Test Operations — Firing 


Prior to engine firing, the liner and annulus volumes are isolated from the diffuser 
duct (D) by closing the proper valves. During the engine ignition sequence, the mylar 
disc in the restart valve (F) is ruptured by detonation of a system of dynamite caps and 
primacord to provide a clear path to the plant exhaust machinery for the engine exhaust 
gases. Beginning with firing AA-02, the detonation circuitry was modified to rupture 
the mylar disc when main engine chamber pressure reached 90 psia. The turbine 
exhaust duct mylar disc (O) was ruptured when turbine exhaust duct pressure reached 
1.0 psia for the firings on which the turbine exhaust duct mylar disc was used. 
Immediately after engine shutdown, the diffuser exhaust valve (E) is closed, a new 
mylar disc is inserted in the restart valve (F) and isolation valves are opened to per- 
mit return of the cell and upstream diffuser duct to main thrust chamber test altitude. 


7.4 ENGINE TEST CONFIGURATION 


The engine test configuration was the modified XLR 81-BA-18 rocket engine. Table 
7-1 compares the test engine/installation configuration to that of flight vehicle GATV 
5003 (engine 808). The engine instrumentation requirements are shown in Table 7-2. 
In addition to the instrumentation shown in Table 7-2, which measured specific engine 
parameters, over 240 instrumentation points were implemented for measurement of 


facility and test cell parameters. 
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7.4.1 Initial Test Configuration for Phase I 


The test engine was XLR 81-BA-13 engine 805. Upon installation in the facility, the 
flight oxidizer manifold pressure switch (OMPS) pressure sensing line was removed 
and replaced with a modified line having a 1/4-inch oxidizer injector pressure (OIP) 
transducer line 8 inches in length (Fig. 7-2). The flight vehicle uses a 1/8-inch OIP 
transducer line, 23 inches in length. This modification was made to obtain better pres- 


sure response at the oxidizer injector pressure transducer. 


Drain lines were installed between the engine pump seal cavity overboard drain ports 
and the facility propellant drains to aid in engine servicing. Recirculation lines were 
added to the engine fuel and oxidizer turbine pump discharge lines to provide for re- 
circulation of propellants during temperature conditioning. The modified discharge 
lines were similar to those used during the BAC engine acceptance tests. 


The turbine exhaust duct used for the tests was a special duct modified for facility 
installation. A saddle support provided restraint for the duct in the outboard radial 
direction (Fig. 7-4). Pressure switches were installed at the oxidizer pump and the 


thrust chamber pressure ports for test cell safety control purposes. 


Electrical T-harnesses were installed at both the oxidizer manifold pressure switch - 
and the oxidizer feed pressure switch to monitor switch actuation times. The engine 
pressure switch junction box was identical to the flight configuration with the exception 
of the switch monitor resistor matrix which utilized three resistors in lieu of the four 
resistor matrix subsequently incorporated in the flight configuration. The engine 
electronic gate was identical in design to the flight configuration, however, added 
quality control and inspection requirements were imposed for the flight gates. These 
minor electrical system deviations from flight hardware produced no effect on engine 
operation. The instrumentation transducers used at AEDC were test equipment in 
lieu of the flight configuration transducers. The pressure sensing line length and 
diameters were sized and routed to facilitate the test installation requirements and 
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therefore did not duplicate vehicle installation configuration. Additional instrumentation 
was installed to provide improved capability for determining engine ignition and 


operating characteristics. 
7.4.2 Test Configuration Changes During Phases I and II 


After the sixth firing, testing was stopped to modify the turbine exhaust duct (TED) 
support, and the oxidizer injector pressure (OIP) and the oxidizer valve outlet pres- 
sure installations, and to replace the fuel gas generator solenoid valve. The TED 
support was modified to restrain the TED in the lateral and vertical directions so that 
it would not strike the thrust chamber during engine operation (Fig. 7-5). 


The OIP line and the OMPS sensing line were modified (Fig. 7-3) to simulate the flight 
configuration. The oxidizer valve outlet pressure transducer was removed and its 
port on the oxidizer feed pressure switch (OF PS) sensing line was capped. Both of 
these changes were made so that the engine would conform more closely to the flight 
configuration. The fuel gas generator valve was replaced due to an erratic opening 


time characteristic exhibited in the first six firings. 


Engine 803 was installed after engine 805 was damaged by a fuel contamination "hard 
start'' during test AB-01. The same turbine exhaust duct and OIP line were used for 
the subsequent tests on engine 803. A drain line was installed at Port A of the main 
valve to facilitate obtaining fuel samples after bleed-in and prior to test cell ''air-on." 
A YLR 81-BA-11 engine thrust chamber, of identical design to the XLR 81-BA-13 
chamber except for auxiliary equipment mounting brackets, was used on engine 803 
because an XLR 81-BA-13 thrust chamber was not available at the time. The OFPS 
sensing line was replaced with a line similar to the flight sensing line. The OFPS 

line used at AEDC was equivalent to the final flight configuration line which was 
approximately 2 inches shorter than the AEDC test line. ‘ine tlight configuration pres- 
sure switch junction box was used on engine 803. The electrical test configuration 

for altitude testing was identical to the sea level test configuration shown in Figure 6-7. 
The balance of Phase I and all of Phase II testing was conducted with an engine config- 


uration as described above. 
é é 


7-6 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC-A818110 


7.4.3 Configuration Changes for Phase III 


Upon completion of Phase II testing, a recirculation line was installed at port K of 
the main fuel valve. The recirculation line enabled temperature conditioning of pro- 
pellants in the fuel valve for the cold temperature tests, and eliminated the cold fuel 
and injector conditions that existed on tests BA-18, BA-20, and BA-21 of Phase II. 
A flight type fuel valve actuation pressure transducer was installed in the fuel valve 
to eliminate the entrapped gas in the actuation cavity and the corresponding effects 


on fuel valve opening time. 


4 
The actuator links were modified and mounted radially between the thrust chamber and 


the facility test stand to provide longitudinal freedom of the thrust chamber thus 
providing more meaningful measurement of dynamic data during ignition shock. 
Strain gages were installed on the engine mount to determine mount stress during 
any ignition shocks or hard starts. Accelerometers were hard mounted for this 
series, except on the electronic gate, to provide better integrity and more reliable 
measurements during ignition shocks and hard starts. The thrust chamber pressure 
transducer, Pc No. 1, was installed directly into the thrust chamber port to obtain 


better response. 
7.5 TEST DESCRIPTION 


The tests were conducted in accordance with the requirements specified in Project 
Sure Fire Test Plan for the XLR 81-BA-13 Rocket Engine Altitude Test Program at 
AEDC, Revision D, LMSC-A776806, 28 March 1966. Table 7-3 shows the engine 
test conditions as related to hardware and propellant temperatures and pump suction 
pressures. Also included in Table 7-3 are AEDC nomenclature, test plans, test 
duration, and test altitude. The overall test schedule including planned and actual 


dates for various test activities was listed as follows: 


Planned Actual 
Test Setup and Checkout 
Begin Test Cell Occupancy 12/8/65 12/8/65 
Engine 805 Arrives at AEDC 12/19/65 12/18/65 
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Planned Actual 

Engine Checkout Hot Fire Tests 2/21/66 2/7/66 
Phase I Testing 

Initial Ignition Confidence Test 3/1/66 2/7/66 

Engine 803 Arrives at AEDC 2/17/66 

Resume Ignition Confidence 

Tests 3/1/66 

Complete Ignition Confidence 

Testing 3/5/66 3/3/66 
Phase II Testing 

Initial Simulated Mission Test 3/12/66 3/3/66 

Complete Mission Simulation 

Testing 3/16/66 3/4/66 
Phase III Testing 

Initial Phase III Test 3/29/66 3/28/66 

Complete Phase III Testing 4/2/66 4/2/66 
Post-Test Activity 

Complete Test Hardware 

Cleanup 4/8/66 4/7/66 

Completion of Cell Occupancy 4/8/66 4/8/66 


There were no hardware discrepancies during the prefire functionals performed prior 
to the start of Phase I testing. 


7.5.1 Phase lI Tests 


Phase I consisted of a series of 19 tests at various temperatures and pump suction 
pressures to verify safe and reliable engine ignition. The test plan provided for up 
to six checkout firings, as required, prior to initiating the ignition confidence tests. 
During the initial checkout firing, test AA-01, the main diffuser mylar disc burst 
prematurely and the turbine exhaust duct deflected toward the thrust chamber. The 
engine operation was satisfactory and it was decided that additional checkout firings 
were not required. Therefore, the ignition confidence tests were initiated beginning 
with the second firing. The initial ignition confidence test, AA-02, was run for 5 
seconds duration in lieu of the scheduled 20 seconds due to the turbine exhaust duct 


deflection and resulting interference with the thrust chamber. 
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A total of six firings had been performed when testing was terminated to permit 
modifications to the OMPS sensing line, the OIP sensing line, the TED support, and 
to replace the fuel gas generator solenoid valve (FGGSV). The configuration of the 
OMPS sensing line and OIP sensing line was causing excessive oxidizer preflow and 
OMPS chatter (actuation-deactuation cyclic operation) during the engine start 
transient. The TED was deflecting toward and hitting the chamber and the FGGSV 

full open time was progressively slower during each test. During the fuel bleed-in 
for the subsequent firings it was discovered that water had been introduced into the 
fuel system. The engine and facility fuel systems were drained, flushed with isopropyl 
alcohol, drained, and vacuum dried in accordance with a special abbreviated flush 
procedure. This was done to expedite the test schedule and in lieu of the standard 
complete system flush and dry procedure. After the special flush, a 5-second check- 
out firing at 80,000 feet was planned prior to resumption of ignition confidence testing. 
During this checkout firing, test AB-01, a destructive hard-start occurred which was 
attributed to water and alcohol contamination in the fuel, causing an ignition delay and 


resulting accumulation of a detonable mixture in the thrust chamber. 


Subsequent to removal of the damaged thrust chamber, a complete simulation of the 
special flush procedure and fuel bleed-in was performed. This simulation, as well 
as tests and analysis at LMSC, showed that the engine fuel system and main fuel valve 
were satisfactorily flushed and dried by the special flush procedure. The simulation 
also showed that the test facility fuel system was not satisfactorily flushed and dried 
during the special flush and that water and alcohol from the low points of the system 
were introduced into the engine fuel system during UDMH bleed-in following the flush. 
The simulated flush indicated that residual water and alcohol from the facility lines 
produced a mixture in the engine fuel valve of approximately 44 percent alcohol, 

42 percent water, and 14 percent UDMH. A detailed discussion of the simulated fuel 
system flush test and results of the engine performance is contained in paragraph 

y Pe ee 


Engine 803, used for FWD testing at BAC, was shipped to AEDC to complete the 
altitude testing program. The engine was flushed and functionally tested after the 
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last sea level FWD Test. The thrust chamber was removed and replaced with a new 
YLR 81-BA-11 thrust chamber. Additional post test component replacement and 
refurbishment is summarized in paragraph 6.4. The engine 803 test configuration 

for tests AC-01 and up is presented in Table 7-1. To expedite testing, the Phase I 

and Phase II test series were revised and combined to perform the remaining Phase I 
tests and include the Phase II tests during one facility "air-on" period. This eliminated 


a seven-day facility turn around time between test phases. 


In preparation for the combined Phases I and II tests, facility lines were flushed and 
dried in accordance with the usual detailed system flush and drying procedures. The 
lines to the propellant drain systems were capped on both the fuel and oxidizer systems 
to eliminate the most probable source of the propellant system water contamination. 
Sampling of the engine fuel system at port A of the main fuel valve verified the fuel 
was within specification requirements. Upon sampling the oxidizer, the sample 


showed a high water content; 2.8 to 2.9 percent compared with 2.5 maximum allowable. - 
After recirculating and resampling, the water content remained out of specification 
limits. Consequently, the oxidizer system was drained, flushed and dried, and 
refilled with new oxidizer showing a 2. 16 percent water content at the suppliers facility. 
Subsequent to filling the system, the oxidizer was sampled and showed a 2.38 percent 
water content. The oxidizer was rechecked prior to firing, using new reagents and 
the results indicated a 2.2 percent water content which was acceptable. 
Prior to air-on, the oxidizer check valve in the gas generator bootstrap line was 
replaced. The fuel system was resampled at the fuel valve, at port A, and the facility 
high point bleed (HPB) and the UDMH was within specification limits. Propellants 
were bled-in at facility exhauster pressure of approximately 80, 000 feet altitude. 
The remaining 14 ignition confidence tests, AC-01 through AC-14, indicated that the 
main fuel valve was opening slower than expected, compared to the AA test series. 
This slower valve opening caused excessive oxidizer preflow. It was suspected that 
air or pressurization gas had been entrapped in the fuel valve actuation circuit during 
fe 


engine system fill. The FGGSV full open time repeatability exceeded desired variations 


during the tests, as discussed in Section 8. 
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7.5.2 Phase II Tests 


The mission simulation tests consisted of eight firings, BA 15 through BA 22, of 
varied durations to verify safe and reliable ignition during simulated mission tempera- 
ture and pump inlet conditions. Prior to the Phase II tests, the fuel system was 
drained and rebled at a maximum altitude in an effort to eliminate the gas entrap- 
ment in the fuel valve actuation circuit. The rebleed was accomplished without 

going "air-off.'' During the mission simulation tests, the fuel valve continued to 
exhibit slow-opening characteristics similar to those experienced during the AC 


test series. 


High acceleration levels at ignition were experienced during cold tests, BA-18, 
BA-20, and BA-21. Post fire inspection showed six accelerometers had separated 


from the engine. 


The last test planned for Phase II was to be an oxidizer depletion test but was deleted 
because of potential engine over-stress possibly caused by the ignition shocks of the 
previous tests. Upon completion of Phase II, the thrust chamber (TC) was removed 
and inspected at BAC (hydrostatic pressure test, X-ray and zyglo) for any possible 
damage caused by the ignition shocks. The fuel valve assembly, FGGSV, OMPS, 

and OF PS were replaced and sent to BAC for evaluation. The TC was not damaged 
and was returned to AEDC and reinstalled for the Phase III Tests. 


7.5.3 Phase III Tests 


The Phase III malfunction and low temperature tests included five firings to evaluate 
the start sequence with an OF PS in command (simulating OMPS failure to actuate). 
Nine firings were also conducted to investigate starting characteristics at low tempera- 
tures, and two fuel lead firings to simulate a failure of either the OF PS or the OMPS 

to deactivate. Because of the high acceleration levels observed in the low temperature 
tests of Phase II, additional cold temperature tests were incorporated in Phase III 
(total of 9 tests) to obtain low temperature ignition characteristics. Prior to the start 
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of Phase III testing, a flight type fuel valve actuation pressure transducer was installed 
and the chamber pressure transducer was close-coupled directly to the thrust chamber 
pressure port for better response. During pretest functionals, leaks were found in the 
oxidizer pump lip seal and the turbine drive seal. The oxidizer pump and the turbine 


manifold assembly were removed and sent to BAC for seal replacement. 


During the first two tests of Phase III, CA-01 and CA-02, the engine operation was 
satisfactory but instrumentation difficulties were experienced with the oxidizer flow- 
meter and the fuel valve actuation pressure transducer. Testing was discontinued for 
repair of these two measurements. The first two tests were repeated as CB-03 and 
CB-04 to obtain meaningful data, and testing as originally planned was resumed. Test 
CB-05 was the last of the five firings to evaluate the OF PS command mode. Tests 
CB-06 through CB-09 were conducted to evaluate low temperature operation with the 
engine and propellants at the same temperatures. Tests CB-10 and CB-11 were con- 
ducted to evaluate differential temperature effects on the engine start transient thrust 
chamber ignition. These tests were conducted to evaluate effects of predicted Gemini 
mission differential propellant and hardware temperatures resulting from propellant 
venting and thrust chamber oxidizer post flow during on-orbit coast periods. Tempera- 
tures were adjusted to simulate propellant venting conditions consistent with GATV 5003 
flight temperatures. For test CB-10 the temperature of the fuel was changed from 

+40° to +60°F. For CB-11, both propellant temperatures were changed from +40° to 
+60° F and the hardware from 0° to +10°F. 


The planned burn duration of firings CB-12 and CB-13 were revised to provide suc- 
cessive minimum bit impulse runs. A series of five reserve tests, CB-13 through 
CB-17, were programmed to be included in the test sequence if test conditions showed 
abnormal ignition shocks similar to results obtained during tests BA-18, BA-20, and 
BA-21. Inasmuch as no anomalous conditions were encountered prior to the reserve 
tests, CB-13 was planned as a repeat of CB-12 with a 5-second duration firing to be 
followed by thermal cycling of the hardware to +100° F and back to 0° F, and then 
firing CB-14 for a 5-second duration at 0°F. Because of problems in maintain- 

ing temperatures below the maximum allowable limit on certain engine hardware, the 


temperatures of the control points on the engine were limited to approximately +65° F 
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during the thermal cycle. Since the temperatures were held for approximately 2 hours, 
the purpose of temperature cycling was considered accomplished, that is; to vaporize 
and purge residuals that may have accumulated in the injector and chamber during 
previous low temperature tests, which could have been influencing or causing ignition 


shocks. 


Since the engine operated satisfactorily during all the preceding tests, the remaining 
two reserve tests were cancelled, and the first fuel lead test was scheduled. This 
test, CB-15, showed a high ignition shock but the engine performed satisfactorily. 
The second fuel lead test, CB-16, had a destructive hard start, however, the turbine 
pump operation was satisfactory and command shutdown of the turbopump assembly 


was accomplished after 5.9 seconds of a scheduled 5. 0-second run. 


Post fire inspection showed that the oxidizer line immediately downstream of the 
oxidizer valve had ruptured. There was a hairline crack on the flush port flange of 
the pilot-operated solenoid valve (POSV), and the B-nut at port K of the fuel valve 
was loosened, but did not leak. Many stringers on the nozzle extension had been 
fractured due to excessive pressure in the nozzle extension at ignition. The case on 
the fuel valve actuation pressure transducer was loose, a chamber pressure trans- 
ducer case and electrical connector were damaged, and the coil on the POSV was 
loose. The engine was removed and sent to BAC for disassembly, inspection, and 
analysis. 


Demonstration that a fuel lead produces a hard start completed the AEDC test program 
on 2 April 1966. Test cell occupancy was terminated on 8 April 1966. 


7.5.4 Test Temperature Control 


Close control of propellant and engine component temperatures was a prime require- 
ment of all tests, particularly the Phase III low temperature tests. The propellants 
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were temperature conditioned by recirculation through heat exchangers prior to the 
test firing. Engine component conditioning was accomplished with radiant heat lamps 
located in the test cell. The temperature measurements utilized to control the setting 
of the heat exchangers and radiation lamps varied depending on the test requirements, 


as discussed below. 


Propellant Temperature Control Points. Propellant temperature tolerances were 
specified at +5° F in the test plan. Four of the propellant temperatures were recorded 


on the Microsadic Data System and were available for digital readout upon command. 


These temperatures were TO-1 and TF-1 located outside of the test cell, and TOPI and 


TFPI which are inserted in the pump inlet lines immediately upstream of the pump 
inducers, The agreement in data readings recorded for the propellant temperatures 
was satisfactory for temperatures near ambient; however, for firings requiring the 
propellant to be chilled below +30° F a wide divergence between data points became 
noticeable due to the length of propellant feed lines, feed line insulation, and tempera- 
ture conditioning systems. Therefore, prior to firing, AC-09, TOI and TFI were 
established as the propellant temperature control points and were recorded on strip 
charts located in the control room. Since these two transducers were flight-type 
thermistor temperature probes and were located just downstream of the respective 
flowmeters, as shown in Fig. 7-6, they provided the most accurate measurement of 
propellant temperatures for engine start conditions and flowmeter data reduction, 
and were used as propellant temperature control points for all firings subsequent to 
AC-08. 


Engine Hardware Temperature Control Points. Engine hardware temperature toler- 


ances were established as +10°F in the test plan. The engine temperature monitoring 
points are shown in Fig. 7-7 and monitoring was accomplished on the Microsadic 
Data System. During the initial series of firings, AA-01 through AA-06, overall 
hardware control was based on the gas generator temperatures, Tgg-1 and Tgg-2, 

and the thrust chamber temperatures, Tc-1, Tc-2, Tes-2, and Tes-3. The tempera- 
ture of the gas generator skin was limited to +100° F and the thrust chamber barrel 


temperatures were to be approximately the same as the desired test temperature. 
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The thrust chamber temperatures were selected as control points since a major test 
objective was evaluation of the thrust chamber ignition characteristics. The tempera- 
ture of the gas generator was limited because high temperatures could introduce 


undesired effects on the turbine pump transient performance. 


The four thrust chamber barrel temperatures were used as the engine hardware con- 
trol temperatures for the remaining Phase I and Phase II tests. The gas generator 
was conditioned to the test plan hardware temperature requirement of +40° F for test 
AC-01 and the previous +100° F maximum limit was allowed for tests AC-02 and AC-08. 
However, the gas generator skin temperature decay time to the +100° F maximum 

limit was requiring excessive coast periods. Consequently, this temperature limit 
was increased to +200° F for tests AC-04 and subsequent, without significantly affect- 


ing the pump transient characteristics. 


No engine temperature problems were encountered until the low propellant temperature 
firings, conditioning for which required long soak periods to achieve the desired low 
propellant temperatures. Extremely low thrust chamber injector and fuel valve tem- 
peratures resulted which were not detected until detailed data reduction was accom- 
plished after Phase II tests were completed. To prevent very low hardware temperatures 
from occurring while propellants were being conditioned during the Phase ITI firings, 
additional heat lamps and an auxiliary fuel recirculation line were installed, and the 


following hardware temperature control points were specified: 


TC-1 — Thrust Chamber skin at 5 o'clock just forward of the injector 
TC-2 — Thrust Chamber skin at 11 o'clock just forward of the injector 
TES-1-—-— Engine surface at 3 o'clock on the injector 

TES-4 — Engine surface at 9 o'clock on the injector 

TES-5 — Oxidizer valve body 

TES-7 — Fuel valve body 

TES-8 — Relocated to the fuel valve elbow 


The average of these points was used as the hardware temperature control with a maxi- 
mum spread of 20° F allowed between any two points for the Phase III test series. Table 
7-4 presents a detailed summary of the engine component temperatures for each test 
firing. 
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7.6 TEST RESULTS 


Ignition of the modified engine occurred reliably on all tests, with the exception of 

test AB-01 during which contaminated fuel caused a hard start. Primary start trans- 
ient events and parameters are listed in Table 7-5 for all tests. In general, most 
parameters followed the time history relations shown in Fig. 7-8. The majority of 

the items listed in Table 7-5 agreed satisfactorily with predicted values and fell with- 
in specification limits, such as time to 75 percent rated thrust, and oxidizer postflow, 
turbine manifold peak pressure and time to peak pressure, and start tank recharge 
times and pressures. However, certain events and parameters did not meet required 
or desired standards, or displayed unexpected characteristics. Examples are 
oxidizer preflow, FGGSV opening time, main fuel valve opening time, and ignition 
dynamic parameters (chamber pressure, accelerations, strain gauges). Therefore, 
the test results are discussed in terms of those parameters, events, or characteristics 
which were different from predicted, were anomalous, or indicated hardware dis- 
crepancy or failure. Most items of Table 7-5 are not discussed, denoting conformance 


to expected values or conditions. 


The adverse test conditions affecting the engine transient performance values were 
corrected prior to initiating the Phase III test series. Consequently, the Phase III 
test CB-0€ results presented in Fig. 7-8 show the typical engine start transient 


characteristics predicted for flight operation. 


The order and general topics of the test results discussion are as follows: 


e@ Check-out Tests and Ignition Confidence Tests — Phase 1 (paragraph 7. 6. 1) 
Initial Tests (AA-01 through AB-01) 


Final Tests (AC-01 through AC- 14) 
e Mission Simulation Tests — Phase II (paragraph 7. 6. 2) 
Rated temperature tests (BA-15 and BA-22) 
High temperature tests (BA-16 and BA-17) 
Low temperature tests (BA-18 through BA-21) 
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e Malfunction and Low Temperatures Tests — Phase III (paragraph 7. 6. 3) 
OFPS commanding (CA-01 through CB-05) 


Low temperature (CB-06 through CB-14) 

Pressure switch malfunction (fuel lead) (CB-15 and CB-16) 
e Special Test Results (paragraph 7. 7) 

Contaminated fuel test (AB-01) 

High ignition shock tests (BA-18, BA-20, and BA-21) 


Main fuel valve opening characteristics 


A summary of the altitude test results is presented in Tables 7-4 and 7-5 and Fig. 


7-8. The accelerometer and strain gage data summary is presented in section 7. 8. 


e Table 7-4 is a comprehensive summary of the engine temperature data 
at engine start and shutdown for each test. 

e Table 7-5 presents the pertinent engine transient results and the 
testing altitude for each test. 

e Figure 7-8 shows typical modified engine start transient time histories 


for the primary engine operating parameters. 


The objective of the modifications to the XLR 81-BA-13 engine was to achieve thrust 
chamber start characteristics and ignition reliability similar to that of the flight 
proven YLR 81-BA-11 engine. The objective of the simulated altitude tests was to 
demonstrate that the modifications resulted in a safe and reliable ignition of the 
engine, satisfactory operation and sequencing, and that the oxidizer preflow was 
equivalent to the YLR 81-BA-11 engine. These objectives were achieved as reflected 


in the following discussions of each phase of testing. 
7.6.1 Checkout Tests and Ignition Confidence Tests — Phase I 


The objective of the Phase I tests was to demonstrate reliable ignition. The series 


consisted of twenty-one firings (two checkout firings and nineteen ignition confidence 


firings) AA-01 through AA-06, AB-01, and AC-01 through AC-14. Testing was terminated 


after AA-06, and after AB-01 to modify the engine and the facility. 


t=17 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC-A818110 


During the first six firings, AA-01 to AA-06, closed-circuit television indicated that 
the turbine exhaust duct was flexing upward toward the engine during the firing with 
possible contact between the duct and the engine. Post-fire inspection and movie 
review confirmed the TED interference with the thrust chamber at 2 locations, one 
just aft of the engine nozzle attachment point and the other at the thrust chamber. The 
impact resulted in thrust chamber lateral acceleration levels up to 350 g's during the 
first firing. The TED developed a permanent set during the first three firings and 
lower acceleration levels were obtained during the subsequent firings. After the sixth 


firing, the TED was clamped down and motion in the transverse axis was minimal. 


The gas generator fuel valve (FGGSV) start-to-open (crack) and full-open times were 
progressively slower for each of the first six firings (Table 7-5). The FGGSV crack/ 
full-open times during the engine reacceptance test were 0.045/0.071 seconds whereas 
on test AA-06, the times were 0.110/0.282 seconds, respectively. A detailed dis- 
cussion of the effect of these slow GGFV opening times is presented in Section 8 with 


other FGGSV aspects considered throughout Project Sure Fire. 


Independent of FGGSV operation, the time to turbine manifold pressure (TMP) peak was 
delayed on the first firing of each test series as compared to subsequent firings 

(Table 7-5). The subsequent firings in each series were up to 100 milliseconds faster. 
The delay in TMP peak for first firing is considered to be typical engine operation, 

and is attributed to the gas normally entrapped in the gas generator feed lines upstream 
of the gas generator solenoid valves as a result of the start tank loading which precedes 
first firings. On the first firing, the propellant flow to the gas generator purges any 
entrapped gas through the feed lines into the gas generator and subsequent firings 


occur with a fully bled system. 


The oxidizer preflow averaged 3.6 pounds higher than the expected nominal of about 6. 4 
pounds during the first six firings. The oxidizer preflow is defined as the oxidizer flow 
past the injector into the thrust chamber until ignition occurs, as indicated by the 
initial thrust chamber pressure rise. The oxidizer preflow at sea level conditions for 


engine 805 reacceptance was 4.2 pounds with an average sea level reacceptance value 
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of 4.4 pounds for the modified XLR 81-BA-13 engine family. Analysis of the test data 
indicates that two significant conditions existed which affected oxidizer preflow. First, 
the preflow is increased at altitude due to the vacuum filling of the OMPS sensing line. 
After oxidizer fills the thrust chamber coolant jacket and injector manifold cavities 

up to the TC injector face, a pressure drop across the injector is established which 
produces a pressure upstream of the injector. This upstream pressure then becomes 
the mechanism which fills the sensing line to the OMPS and causes the switch to 
actuate. Under sea level conditions, where ambient air is present in the OMPS sensing 
line, it takes less time to achieve the 33 psi pressure necessary at the OMPS bellows 
to actuate the switch. This results from the liquid entering the OMPS sensing line, 
compressing the air to OMPS actuation pressure (approximately three atmospheres) 

in 30 percent less time than it takes to completely liquid fill the line under vacuum 
conditions. As a result of the longer filling time necessary to actuate the switch under 
vacuum conditions, an additional 0.6 pounds of oxidizer flows past the oxidizer injector 


during the OMPS line filling process. 


Second, the time of oxidizer preflow from main fuel valve opening to ignition is longer 
under vacuum conditions than at sea level conditions. This time factor is a function of 
the thrust chamber ignition characteristic at altitude as compared to sea level conditions. 
The time from MFV opening to TC ignition is nominally 0.010 seconds at sea level and 
0.050 seconds at altitude (paragraph 9.3). The additional 0.040 seconds results in 

1.4 pounds of additional oxidizer preflow under vacuum conditions. Based on these 
considerations, the predicted oxidizer preflow at altitude for the modified XLR 81-BA- 


13 engine is as follows: 


a. Average modified engine acceptance test at sea level preflow 4,4 lbs 

b. Additional flow due to facuum filling of OMPS sensing line 0.6 lbs 

Additional flow due to TC ignition time under vacuum conditions 1.4 lbs 

Predicted preflow in flight 6.4 lbs 
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Comparing this predicted value with the actual preflows of the first six tests shows 
that an extra 3.6 pounds of preflow occurred during the tests. The additional 
3.6 pounds of oxidizer preflow is attributed to the following three conditions. 


a. Under altitude conditions the OMPS normally actuates at 0.060 seconds 
after the oxidizer manifold has filled. However, for the first six firings, 
the OMPS began to chatter 0.060 seconds after filling of the manifold and 
finally actuated 0.042 seconds later. This 0.042 seconds of chattering 
was attributed to the 1/4-inch OIP transducer line which was teed into 
the 1/4-inch OMPS sensing line. As the OMPS sensing lined filled, the 
comparative high flowrate into the 1/4-inch OIP transducer line caused 
a high pressure drop between the manifold and switch, resulting in 
perturbations in the actuation pressure applied to the OMPS. When the 
1/8-inch OIP flight configuration transducer line was installed after 
test AA-06, the OMPS consistently actuated 0.060 seconds after the 
oxidizer manifold fill time. It was concluded that the smaller inlet 
diameter of the 1/8-inch OIP line reduced the flowrate into the OIP 
transducer line resulting in a much smaller pressure drop to the OMPS. 
This reduction in pressure drop allowed the oxidizer injector manifold 
pressure, usually 60 to 80 psi at this point in the start transient, to 
provide a stable pressure sufficient to actuate the OMPS. The 0. 042 
seconds delay time resulted in an extra 1.5 to 2.0 pounds of oxidizer 
preflow during the first six firings. 

b. During the sea level firings of the modified XLR 81-BA-13 engine, the time 
required for the main fuel valve to open averaged 0.076 seconds compared to 
an average of 0.110 seconds for the first six AEDC firings. This increase in 
fuel valve opening time results in an additional 1.2 lbs of preflow. Causes of 
main fuel valve opening time delays are discussed in paragraph 7.7.3. 

c. The remaining 0.9 pound discrepancy is attributed to the inaccuracies in 
instrumentation encountered when comparing data from one test facility 


with another. 
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OFPS actuation/deactuation chatter was observed during the start transient similar 

to the sea level FWD test results. This condition is normal and is caused by oxidizer 
pump start transient pressure perturbations of sufficient magnitude to cause momentary 
actuation of the OF PS (set at 391 psi actuation pressure). Other main engine start 
transient parameters behaved nominally during the first six firings as shown in 

Fig. 7-8. 


The next test firing, checkout test AB-01, resulted in a destructive hard start cf the 
engine. Details of this test are discussed in paragraph 7. 7. 1. 


The final fourteen tests of Phase I (AC-01 through AC-14) were satisfactorily com- 
pleted using engine 803 which had previously completed the sea level flightworthiness 
demonstration tests at BAC. The engine start sequence was satisfactory and TC 
ignition was reliable. However, the oxidizer preflow was again higher than anticipated, 
the GGFV opening time was erratic, and the MFV opening times were again excessive. 
The longer opening time was attributed to an unsatisfactory bleed in the long transducer 
line to the MFV actuation circuit (paragraph 7.7.3). The excessive opening time of the 
MFV resulted in additional oxidizer preflow. The nominal MFV opening time is 

0.076 seconds; the average time for tests AC-01 through AC-14 was 0. 227 seconds. 
The difference of 0. 151 seconds resulted in 5.5 pounds of additional preflow. The 
additional 5.5 pounds added to the expected 6. 4 pounds amounts to 11. 9 pounds which — 
agrees satisfactorily with the average preflow of 12.7 pounds for tests AC-01 through 
AC-14, considering the short transient flow rate period and the instrumentation 
accuracies, The average oxidizer preflow during the OMPS sensing line fill period 
was 2.2 pounds compared to the 3. 9 pounds average for the AA-01 to AA-06 tests. 

This demonstrated the expected reduction in preflow by using the flight configuration 
OIP and OMPS lines. 


The ignition confidence tests were considered successfully completed, and subsequent 


mission simulation tests were begun. 
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7.6.2 Mission Simulation Tests — Phase II 


The objective of the Phase II tests was to demonstrate safe and reliable starts during 
simulated mission conditions of temperature, burn time, and pump suction pressure. 
The series consisted of eight firings, BA-15 through BA-22, which had been combined 
in the same "air-on" period with the Phase I tests AC-01 through AC-14. Between 
test AC-14 and BA-15, the fuel was drained and rebled into the propellant system at 
high altitude in an attempt to achieve a better bleed and eliminate the gas trapped in 


the MF'V actuation pressure transducer line. 


On resumption of testing, the MFV continued to open slower than normal but faster 
than the average of tests AC-01 through AC- 14. The FGGSV opening times continued 
to be slow and erratic. Because of the slow opening MFV, the average oxidizer pre- 
flow was 10.3 pounds for these tests. The average MF'V opening time was 0. 184 
seconds which accounted for 3. 9 pounds of additional preflow. The 3.9 pounds added 


to the expected 6.4 pounds totaled 10.3 pounds. 


During firings BA-18 and BA-20, very high acceleration levels were experienced 
(paragraph 7,8), indicating high ignition shocks. Higher than average acceleration 
levels were also obtained during test BA-21 ignition, however, an accurate quantative 
comparison with the shock levels from tests BA-18 and BA-20 was not feasible due 

to loss of key accelerometers prior to test BA-21. Post fire inspection of the engine 
indicated that accelerometers AE-1, 2, 3, 6, 7, and 9 had separated from the engine. 
A detailed discussion of results from tests BA-18 through BA-21 is presented in 
paragraph 7. 7. 2. 


Subsequent to test BA-18, the time to MF'V open decreased and therefore oxidizer 
preflow decreased. Post fire functional tests on the MFV at BAC indicated normal 
MF'V operation with a completely bled measurement line, and much slower response 
when the lines were improperly bled. Therefore, the slow opening times during the 


Phases I and II tests were attributed primarily to gas entrapment in the MFV actuation 
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cavity and associated long transducer pressure sensing line (paragraph 7.7.3). The 
FGGSV was removed after completion of Phase II testing and returned to BAC for 


evaluation. The evaluation results are included in Section 8. 0. 


Tests BA-15 through BA-22 satisfactorily demonstrated safe and reliable engine opera- 


tion during simulated mission conditions. 
7.6.3 Malfunction and Low Temperature Tests — Phase III 


OFPS Command Tests. The objective of demonstrating safe and reliable start with an 
OFPS in command of the start transient was achieved during the first five tests, CA-01 
through CB-05. The first two tests were repeated because of the instrumentation 


difficulties discussed in paragraph 7. 5. 3. 


The OFPS functions as a back-up for the OMPS and applies power to the POSV in the 
event the OMPS circuit does not function properly. The OFPS began to actuate as the 
oxidizer feed pressure increased, however an actuation-deactuation cycling occurred 
due to the normal oxidizer feed system pressure pulsation as discussed in Sections 2 
and 5, This OFPS cycling resulted in intermittent application of power to the POSV. 

The OFPS actuated duration of each cycle (length of time power was applied to the POSV) 
increased as the oxidizer feed pressure increased until the actuated duration was 
sufficient to energize the POSV. This time, at which the POSV was energized, 

occurred 90 to 170 milliseconds after the nominal actuation time of the OMPS. The 
OFPS continued to cycle after the POSV was energized but the OF PS deactuation dura- 
tions were not long enough to allow the POSV to shuttle closed. Thrust chamber 

ignition caused chamber pressure to rise which in turn caused pressure at the oxidizer 
valve to increase above the OF PS actuation range, and the switch cycling was terminated. 
The OFPS cycled 30 to 50 times prior to this final increase in pressure, which occurred 
about 0.010 seconds after TC ignition. The oxidizer preflow averaged 11.8 pounds, 
which is expected. due to the OF PS actuating time occurring later than nominal OMPS 
actuating time. This results in approximately 4.7 pounds of additional oxidizer pre- 
flow when compared to later Phase III tests with a normal OMPS start sequence. 
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Low Temperature Tests. Because of the ignition shocks experienced at low tempera- 
tures in the previous series, additional low temperature tests were included in the 
malfunction series to investigate the engine start characteristics and ignition shocks 
at low temperatures. Tests were included to evaluate propellant venting effects, i.e., 
cold fuel and warm hardware which could promote fuel vaporization at ignition and 
possible vapor phase detonation. Also, tests were performed with low hardware 
temperatures and warm propellants which would promote oxidizer vapor condensation 
in the fuel injector manifold, possibly resulting in a liquid phase reaction in the fuel 


manifold. 


The engine performed satisfactorily in all respects during the low temperature tests. 
Tests CB -06 through CB-09 were conducted at 30°F, 15°F, 10°F, and 10°F, 
respectively, with engine and propellant temperatures equal. No ignition or shock 


anomalies were noted. 


Test CB-10 evaluated effects of fuel vaporization at ignition. Warm (+60° F) fuel and 
cold (+10° F) oxidizer, simulating one of several conditions resulting from on-orbit 
propellant venting, were injected into the cold (+10° F) thrust chamber. The cold 
oxidizer preflow reduced oxidizer vapor pressure and hence chamber pressure at 

fuel injection. No anomalies were noted and test results indicated no significant 
vapor detonation effects. Test CB-11 evaluated a second condition resulting from 
propellant venting: propellant condensation effects on ignition. Warm propellants 
(+60° F) were injected into the injector and thrust chamber cooled to +10°F, the lowest 
predicted temperature for the Gemini mission. No anomalies or reaction in the fuel 


manifold were noted. 


Tests CB-12 through CB-14 evaluated the effects of 0° F propellant and hardware 
temperatures on engine start characteristics. Between tests CB-13 and CB-14, the 
engine hardware temperature was raised to 65°F for nearly 2 hours to vaporize any 
condensates that may have accumulated in the injector and thrust chamber. Engine 
start transient and ignition characteristics for test CB-14 were nearly identical to 
those for test CB-13, indicating that condensates were not present from previous 


tests, and therefore were not influencing ignition during succeeding test starts. 
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Oxidizer preflow averaged 7.2 pounds for tests CB-06 through CB-14 which was 
acceptably close to the predicted nominal of 6.4 pounds for the modified XLR 81-BA-13 
engine configuration. The flight configuration fuel valve actuation pressure trans- 
ducer used during these tests eliminated the excessive gas entrapment in the main fuel 
valve actuation pressure cavities; consequently, an average MF'V opening time of 

0. 085 seconds was obtained. This opening time was well within acceptable limits and 


resulted in the improved oxidizer preflow correlation with the predicted value. 


Pressure Switch Malfunction Test (Fuel Lead). Four test firings were planned to 


simulate a malfunction of either the OMPS or the OF PS which would produce a fuel 
lead into the thrust chamber and result in a postulated hard start. The engine was 
fired at temperatures of +50° F and at a simulated altitude of 415,000 feet. The first 
fuel lead test, CB-15, produced a high ignition shock; however, no detrimental effects 
on engine operation were observed. The second fuel lead test, CB-16, resulted ina 


destructive hard start which significantly affected thrust chamber operation. 


Test CB-15. The engine ignited and operated satisfactorily with a 3. 1 pounds fuel 
lead, although there was a high shock at thrust chamber ignition. Accelerometer 
AE-7, the thrust chamber thrust lug longitudinal accelerometer, recorded a level 
of 705 g's, zero to peak. Previous oxidizer lead tests at similar test conditions 


showed maximum acceleration levels of 245 g's on this accelerometer. 


Paragraph 7.8 discusses the engine dynamic characteristics for the oxidizer and 

fuel lead start sequences. The fuel valve actuation pressure (FVAP) data showed a 

rapid rise to a peak pressure of 884 psia from a pressure of 724 psia at the time of 
ignition, reflecting a high acceleration of the engine along the longitudinal axis. This 
pressure rise is caused by acceleration of the MFV body, which is rigidly attached to 

the thrust chamber, relative to the MFV actuating piston. The calculated MFV accelera- 
tion required to produce the FVAP peak pressure at ignition is in excess of 1000 g's. 
This calculated acceleration level, effective at the center of the injector face, compares 
well with the 705 g's recorded at the circumferential perimeter of the injector. As 


presented in paragraph 7.8, peak accelerometer data, thrust chamber pressure data, 
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and strain gage data indicated an initial pressure and thrust increase rate significantly 
higher than normal. A subsequent decay and rise in the strain gage data coincided 
with the initial chamber pressure pulse decay and rise. The second rise of this 
double pulse approximated the normal pressure/thrust increase rate. These and 


other characteristics are discussed in detail in Section 10. 


Although OMPS actuation was already electrically simulated, the OMPS physically 
actuated after thrust chamber ignition (first pulse), which is as predicted for a fuel 
lead start. The OMPS actuates 0.060 seconds after filling the oxidizer manifold during 
an oxidizer lead start sequence. This 0.060 seconds is the time required to fill the 
OMPS sensing line after pressure is established in the oxidizer manifold. However, 
during the fuel lead test, thrust chamber ignition occurred 0.016 seconds after filling 
the oxidizer manifold and OMPS actuation occurred 0.025 seconds later, indicating 
that the presence of thrust chamber pressure increased the manifold pressure, 

and reduced the OMPS sensing line fill time from 0.060 to 0.041 seconds. In addition, 
the OIP pressure began to rise 0. 030 seconds after OMPS actuation rather than the 
normal 0. 130 seconds delay with an oxidizer lead. This also demonstrated the chamber 
pressure/manifold pressure effect on filling the 1/8-inch transducer sensing line. 

Due to the delayed filling of the OIP transducer line relative to thrust chamber ignition, 
the OIP measurement provided no transient pressure data during the thrust chamber 


ignition process. 


In addition to the OMPS line fill characteristics, evaluation of other engine performance 
data, including oxidizer valve inlet pressure, oxidizer flow, and acceleration also 
showed that the thrust chamber oxidizer manifold was completely filled prior to any 
indications of abnormal engine operation or high acceleration levels. Consequently, 

it was concluded that a reaction did not occur in the oxidizer manifold or cooling 

jacket even though fuel liquid or vapor could have been introduced into these cavities 


during the fuel preflow period. 
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Test CB-16. The fuel lead on test CB-16 resulted in a more severe shock at thrust 


chamber ignition than that experienced during test CB-15 since a structural failure 

of the thrust chamber assembly occurred during the test ignition period. The oxidizer 
line immediately downstream of the oxidizer valve ruptured, causing major loss of 
oxidizer flow to the thrust chamber. Photoanalysis and post test engine inspection 
showed that the oxidizer line had initially fractured on the outboard side of the 2-inch 
diameter line. The fracture progressively spiralled around the line until there was 
only a 1/4-inch segment remaining intact, as shown in Fig. 7-9. In addition, the 
motion picture films of the test showed that a pressure pulse occurred downstream of 
the thrust chamber throat which caused yielding of the titanium nozzle extension shell, 
displacement of the facility bulkhead attached downstream of the nozzle extension, and 


fracture of a number of nozzle extension stringers. 


The overpressure downstream of the throat is attributed to an ignition delay which 
produced an accumulation of a detonable mixture that ignited after initial hypergolic 
reaction occurred. Initiation of the fracture in the oxidizer line is attributed to the 
unsymmetrical pressure distribution in the nozzle extension, causing an overstress 
of the oxidizer line. The subsequent spiral progression of the fracture is attributed 
to the internal pressure and dynamic environment of the engine operation subsequent 


to the initial fracture. 


A two-pulse thrust chamber pressure start occurred similar to that experienced on 
test CB-15. Accelerometer data indicates that the ignition shock was higher than on 
test CB-16, and occurred coincident with the first rise in chamber pressure. The 
evaluation and discussion of the dynamic characteristics for tests CB-15 and CB-16 
are presented in paragraph 7.8. The FVAP measurement showed acceleration effects 
similar to test CB-15, but with a higher peak of approximately 1200 psia recorded 
compared to 844 psia for the previous test. A calculation was made to determine the 
longitudinal acceleration of the engine based on the FVAP measurement, and an 
ignition shock level exceeding 1500 g's resulted for test CB-16. The FVAP returned 


to nominal pressure until the second chamber pulse when the transducer output signal 
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indicated an erratic operation for 0.090 seconds and a subsequent drop to zero output. 
However, the MFV remained open and continued to supply fuel to the thrust chamber 
until engine command shutdown was accomplished nearly 5 seconds later. Post-test 
inspection of the transducer revealed that the transducer case was loose, and that 


internal damage had occurred, as discussed in paragraph 8. 4. 


Thrust chamber pressure indicated that combustion in the TC was very erratic and 
that pressure was at a much lower value than normal for the 5 seconds of operation 
after ignition. This was due to the interruption of oxidizer flow to the chamber. The 
turbine pump operation was normal throughout the firing, indicating the hard start did 
not produce any adverse effects on the turbine pump assembly. The turbine pump 
performance was not significantly affected by the erratic chamber pressure or loss of 
oxidizer at the fractured thrust chamber oxidizer line due to the design of the pump 
diffuser cavitating venturi. The shutdown sequence was initiated by command shut- 
down which removed power from the engine solenoid valves. The two gas generator 


solenoid valves closed normally, however the MFV closing was delayed. 


Data evaluation indicated that the POSV did not deactuate when power to the engine was 
removed, which would maintain the fuel valve actuation pressure and hold the fuel 

valve in the open position. The fuel valve subsequently closed as the turbine decelerated, 
allowing fuel pump outlet pressure and corresponding FVAP to decay sufficiently to 

allow the main fuel valve to close under spring load at 0.53 seconds after engine shut- 
down signal. POSV disassembly and inspection results revealed that the solenoid 
armature was stuck in its sleeve, preventing deactuation of the valve at the proper 

time during test CB-16 shutdown sequence. This condition has been attributed to the 
excessive ignition shock levels which caused distortion of the POSV sleeve, resulting 


in an interference fit between the sleeve and the armature. 
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7.7 SPECIAL TEST RESULTS 


7.7.1 Contaminated Fuel Test — AB-01 


One successful checkout firing and five successful ignition confidence firings had been 
performed when testing was terminated to permit modifications to the engine and 
facility. The propellant lines to the engine were drained and aspirated to a simulated 
altitude of 80,000 feet prior to performing the modifications. During the fuel bleed-in 
after the modifications, it was discovered that water had been introduced into the fuel 
system feed lines. The most probable source of the water was the facility fuel system 
drain tank. Water could have been siphoned into the facility lines through an open or 
leaking valve during the fuel system aspiration. The water was subsequently drained 
from the facility lines and engine through the facility drain and engine drain ports. 


Special Flush Procedures. To expedite the test schedule, an abbreviated and com- 
bined flush procedure was written for use in lieu of the individual standard flush pro- 
cedures for the facility and engine. The procedural steps were as follows: 


Drain all fuel lines including engine test ports. 

Aspirate fuel system to 80,000 feet simulated altitude. 

Flush isopropyl alcohol through all fuel lines. 

Drain alcohol under pressure from engine fuel system test ports. 

Drain alcohol from fuel system. 

Aspirate fuel system to 80,000 feet simulated altitude. 

Bleed-in UDMH to fuel system aspirated to 80,000 feet simulated altitude. 
Flush 70 gallons of UDMH through fuel system. 


Sample fuel system for analysis of water content. 


pm ho Bot Pp 


fale 
2 


The samples taken from the fuel system UDMH tank and fuel line high point bleed (HPB) 
showed 0.00 and 0.29 percent water, respectively. Consequently, the special flush 
procedure was considered effective in removing all but minute quantities of water from 
the propellant lines. A 5-second checkout test at ambient temperature and simulated 
altitude of 82,000 feet was scheduled prior to resuming the ignition confidence testing 
at cold temperatures and 250,000 feet minimum simulated altitude. 
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Checkout Test. The checkout test, AB-01, was initiated and a destructive hard start 
occurred. The test was terminated by an electronic gate turbine overspeed shutdown 
at 2.54 seconds after engine start signal. Post-test inspection of the engine revealed 
that the thrust chamber had separated from the injector at the attaching weldment as 
shown in Fig. 7-10. Also, some accelerometers were detached, the POSV coil was 
loosened, the engine mount was buckled, a turbine pump gear case mounting lug was 
fractured, and the actuator link bolts were sheared at the engine mount. The failure 


analysis of engine 805 is discussed in detail in Section 8. 


Simulation Test. Post-test samples from the facility engine fuel system HPB and the 
engine fuel valve drain (port K) were analyzed and disclosed a water content of 0.51 
percent at the fuel system HPB and 0.25 percent at the fuel valve (port K) and an 
alcohol content of 1.68 percent at the HPB and 1.98 percent at port K. Since it was 
suspected that the hard start could have been induced by contamination in the fuel, a 
simulated test of the previous special flush procedure was performed. The simulated 
test was conducted with the complete fuel system plumbing in place including an engine 
main fuel valve assembly. The procedural steps a. through f. of the special flush pro- 
cedures were performed in the same manner as prior to test AB-01. After stenf., 
aspiration of the fuel system subsequent to the alcohol flush, the engine drain ports 
were opened to determine if the drying was effective. A maximum of five drops of 
fluid was found. The engine main fuel valve was removed and no trapped liquids were 
found. The fuel valve was reinstalled and steps g., h., and i. of the procedures were 
performed. After step i., samples were taken at points throughout the fuel system 


with the following significant analysis results: 


High Point Bleed 0.02 percent alcohol 
2.04 percent water 
97.94 percent UDMH 


Main Fuel Valve — Port K 41.5 percent alcohol 
44.3 percent water 
14.2 percent UDMH 
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The sample taken from the main fuel valve was one-half gallon of liquid and thus repre- 
sented the initial mixture that would enter the injector fuel manifold and thrust chamber 
at ignition. The sample taken from the high point bleed was comparable to those taken 
before and after test AB-01 and indicates that the conditions in the fuel system propel- 
lant lines as a result of the simulated flush test were the same as those prior to test 
AB-01. These tests at AEDC, and additional tests at LMSC, indicated that the engine 
was satisfactorily flushed and dried by the abbreviated flush procedure; however, 

there apparently were low points or traps in the facility fuel feed line system that were 
not completely flushed or drained of both water and alcohol. From the simulated flush 
test and other investigations, it was concluded that the engine had been properly flushed 
and dried, but that alcohol and water which had not been removed from the low points in 
the facility fuel system were introduced into the MFV during the engine UDMH system 
fill. 


Data analysis of test AB-01 indicated the failure occurred at 1.073 seconds after the 
fire signal and that the electronic gate, sensing an overspeed of the turbine pump 
assembly, gave the shutdown command at approximately 2.54 seconds after the fire 
signal. Accelerometer data (paragraph 7.8), indicated the chamber separated at 
1.073 seconds, and the hard start had produced an average acceleration level of 457 
g's (range from 353 to 683 g's) compared to test AC-04 which produced an average 
of 45 g's. These accelerometer levels are the maximum recorded values; however, 
the actual average acceleration level is estimated to exceed 475 g's based on post- 


test accelerometer inspection and data evaluation. 


Characteristics of the major engine parameters during the hard start transient are 
plotted in Fig. 7-11. As shown, the fuel valve actuation pressure (FVAP) increased 
to a peak value of 930 psia at the time of the acceleration shock peak. The longitu- 
dinal acceleration level at the MFV piston necessary to produce the observed FVAP 
peak pressure was calculated to be 1280 g's at the center of the injector face. Of the 
ten accelerometers mounted on the engine (locations are shown in Fig. 7-14) eight 
had been dislocated by the hard start. Of the remaining two, one had a zero shift 
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and the other, located on the shock mounted electronic gate, was operating properly 
after having recorded a level of 358 g's. Therefore, it is concluded that the accelera- 
tion levels at the engine were significantly greater than the 475 g's average level 


recorded during the hard start. 


As shown in Fig. 7-11, the start transient was normal until shortly after opening of 
the main fuel valve, whereupon the chamber ignition pressure rise was delayed. A 
comparison of this chamber pressure rise to the average of the preceding six tests 
(AA series) indicates that an increased ignition delay of 0.018 seconds occurred, as 
shown in Fig. 9-4 (paragraph 9.1) where the TC pressure time histories are com- 
pared. This ignition delay was sufficient to inject an additional 0.23 pounds of fuel 


into the chamber prior to thrust chamber ignition. 


Conclusions. Based on the above data, the BAC post-test evaluation of the failed 
thrust chamber, and the full- and sub-scale ignition tests with contaminated fuel, it 
is concluded that the fuel mixture of UDMH, alcohol, and water caused an ignition 
delay during the ignition process of test AB-01, allowing a detonable mixture of con- 
taminated fuel and oxidizer to accumulate in the thrust chamber. When pure fuel was 


injected, hypergolic ignition occurred which then ignited the accumulated non-hypergolic 


mixture. This caused a high pressure longitudinal wave to form, which overpressurized 


the chamber and separated the barrel from the injector. The resulting high accelera- 


tion loads damaged the engine hardware as discussed above. 


Structural analysis results explaining the longitudinal pressure theory and why the 
chamber separated at the injector weld, is discussed further in Section 8. 


7.7.2 High Ignition Shock Tests 


High Ignition shock levels were recorded during tests BA-18 through BA-21. Levels 
from 125 g's to 717 g's at ignition were recorded for accelerometer AE-7 which 
measured longitudinal acceleration at the thrust chamber thrust lug. These four tests 
were to have been performed at +10°F, however, post-test analysis showed that the 
test temperatures of several engine components were significantly lower as discussed 


below. 
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Test BA-18. Test BA-18 was the first cold temperature test after the +100°F high 


temperature test and approximately 12 hours were required to condition the hardware 
and propellants from +100°F to +10°F. The average thrust chamber barrel tempera- 
ture, which was used as the hardware control temperature, was +11°F and the main 
oxidizer valve temperature was +12°F. An acceleration level of 312 g's was recorded 
at ignition during the test. Detailed data reduction completed after the Phase II tests 
were finished, revealed that the actual injector and MFV temperatures were -28°F 


and -25°F, respectively, which were appreciably lower than the planned temperatures. 


During the high acceleration period corresponding to ignition, the engine parameters 
were nominal with the exception of thrust chamber pressure and oxidizer manifold 
pressure. The thrust chamber pressure measurement indicated a pressure rise rate 
greater than nominal (Fig. 7-12) and both thrust chamber and oxidizer manifold 
pressures showed pressure oscillations for 0.080 second after the initial ignition 
shock. The oxidizer manifold pressure oscillation at ignition is a normal condition; 


however, the amplitude during test BA-18 was greater than normal. 


Test BA-19. Test BA-19 acceleration level was 125 g's which was in agreement 
with nominal low temperature ignition shock levels and all engine parameters were 
nominal. The average thrust chamber barrel temperatures were +15°F, the injector 


temperatures were 0°F, and the fuel and oxidizer valve temperatures were +1°F. 


Test BA-20. Test BA-20 also experienced a high ignition shock. An acceleration 
level at ignition of 717 g's was recorded. Average thrust chamber temperature was 
+10°F; however, injector temperature of -13°F, fuel valve temperature of -6°F, 

and oxidizer valve temperature of -2°F, were again very low. Thrust chamber 
pressure and oxidizer manifold pressure traces showed abnormal pressure oscillation 
characteristics similar to test BA-18 immediately after the ignition shock. The 
shock did not cause any engine damage; however, accelerometers AE-7, 8, and 9 


were inoperative on subsequent firings. 
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Test BA-21. Test BA-21 also experienced a high ignition shock; however, loss of all 
but three accelerometers during the previous tests prevented a proper correlation 

and assessment of the shock levels. The primary indication of a high ignition shock 
on test BA-21 is the comparison of thrust chamber pressure and oxidizer manifold 
pressure traces with the pressure traces of the preceding tests wherein high ignition 
shocks were observed. These pressure traces reflected pressure oscillations similar 
to the characteristics observed during runs BA-18 and BA-20. For test BA-21 the 
injector temperature was -17°F, the average thrust chamber temperature was +13°F, 


the MFV temperature was -10°F, and the oxidizer valve temperature was -3°F. 


Discussion. As noted above, the ignition shock level on test BA-19 was nominal as 
were the temperatures of the main fuel valve and injector. In the other three tests 

the main fuel valve and injector temperatures ranged as low as -28°F and -25°F, 
respectively. The recirculation system used to condition the fuel for these +10°F tests 
did not provide for recirculation of the fuel in the main fuel valve. The recirculation 
line was teed to the fuel flex line between the fuel pump and main fuel valve precluding 
any recirculation in the fuel valve. Thus, the temperature of the fuel in the valve 
cavities would be close to the temperature of the fuel valve body and the adjacent injec- 
tor surface. As a result, the initial fuel injected into the thrust chamber was at 
temperatures considerably below the planned test temperature of +10°F on tests 
BA-18, 20, and 21. Based on the data available, it was concluded that the high shocks 
observed at ignition were the result of this very low-temperature fuel being injected 
into the thrust chamber, causing an increase in ignition delay and allowing a larger 
than normal mass of mixed propellant to accumulate prior to ignition. The factors which 
are considered conductive to permitting propellant accumulation in the thrust chamber 


at low temperature conditions include: 


a. An increase in time to hypergolic reaction due to the low temperatures 
of the propellants. 

b. High mass flow of low temperature oxidizer which tends to suppress the 
hypergolic reaction due to the initial fuel injection pattern through the 
four center fuel orifices, thereby reducing or eliminating any preigniter 
effects obtained at higher temperatures. (Preignition characteristics are 


discussed in paragraph 9.3.) 
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Cc. Effects on propellant injection flow characteristics as the respective 
propellant triple point temperatures are approached, possibly affecting 
the percentage of liquid, vapor, and/or solid at injection and accumulation 
of either or both propellants. 

d. Increased propellant mass in the thrust chamber at low temperature 


ignition due to increased propellant densities. 


Additional factors may exist but have not been defined nor has the relative significance 


of the above factors been assessed. 


Conclusions. Test results indicated that significant ignition shock levels do not occur 


with hardware and propellant temperatures above 0°F. Engine hardware discrepancies 
were not observed with temperatures below 0° F and within the range of test conditions 
imposed. However, a potential trend existed, wherein thrust chamber ignition shocks 
increase as temperatures are decreased, particularly when temperature of propellants 
initially injected into the thrust chamber is below 0°F. Only three tests were con- 
ducted at sub-zero temperatures. The data obtained did not afford sufficient confidence 
in repeatability of ignition shock levels to determine the specific temperature con- 
ditions and primary factors influencing the low temperature shocks. Also, the data 

did not provide definition of the effects of unequal fuel, oxidizer, and hardware tempera- 
tures which could exist as a result of propellant venting during GATV on-orbit operations. 
Therefore, additional cold temperature tests were included in Phase III testing to 
determine if ignition shocks and temperatures were truly related, and if so what effects 
on the Gemini mission would result. The injector and fuel valve temperatures were 
controlled in the Phase II tests by installing additional heat lamps and an auxiliary 


fuel pre-fire circulation line on the fuel valve. 
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7.7.3 Main Fuel Valve Opening Characteristics 


Main fuel valve opening is determined by a decay in fuel pump inlet pressure and by 
the fuel valve actuation pressure (FVAP) rise characteristics. Figure 7-13 presents 
a summary of FVAP characteristics which shows the MF'V starting to open at the 
initial peak pressure of approximately 600 psia. The FVAP curve for test CB-06 is 
considered typical with a MFV opening time of 0.095 seconds after OMPS actuation. 
The typical characteristics are those associated with the close-coupled transducer in 
the MFV actuation circuit similar to the flight configuration, which eliminates or 


minimizes gas entrapment in the fuel valve actuation circuit. 


Test Phases I and II. For Phases I and I, the transducer was mounted on the facility 
test stand and a 1/4-inch line, 27-1/2 inches long, was used to connect the transducer 
to the actuation pressure port. This nonflight installation was never fully bled-in 

and caused MFV open-time delays, indicated as follows. 


In the AA series, the average time from OMPS actuation to MF'V opening was 0. 110 
seconds; for the AC series the time was 0.227 seconds, and for the BA series the 

time was 0.184 seconds, as compared with 0.085 seconds average time for the CB 
series wherein a flight configuration FVAP transducer installation was used. The 
close-coupled transducer installation resulted in a normal pressure response, relative 
to YLR 81-BA-11 engine operation, and improved pressure response rates and char- 
acteristics compared to the transducer installation with the long line. Thus, valve 


opening time was reduced and also, opening repeatability was improved. 


Gas trapped in the FVAP transducer line would have to be compressed by the orifice- 
controlled fuel flow to the FVAP circuit and therefore require a longer time for FVAP 
to rise to the required fuel valve opening pressure. These typical pressure rise 
characteristics were seen in the fuel valve actuation pressure (FVAP) data for tests 
prior to the CB series. Therefore, on the AA series, AC series, and the BA series, 
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it was concluded that gas was trapped in the transducer line. The AA series apparently 
had the smallest amount of entrapped gas as indicated by the FVAP rise characteristics 
and the average time to open was only 25 milliseconds more than the CB series which 
was considered typical. The AC series and BA series apparently had substantial 
entrapped gas since the average opening time was increased 0, 142 seconds and 0.099 
seconds, respectively, and the FVAP rise characteristics showed the most gradual 


pressure rise rate (Fig. 7-13). 


To verify the valve performance, the MFV was removed after the Phase II tests and 
subsequent functional tests at BAC demonstrated satisfactory operation. This valve 


was then tested in a system with and without gas trapped in the FVAP circuit. Without 


- entrapped gas, the MFV performed properly. With entrapped gas, the MF'V opening 


time was both delayed and random as experienced in the AC and BA altitude test series. 


Conclusions. Based on the tests at BAC and the Phase ITI testing, it was concluded 


that the delayed MF'V opening times at AEDC were caused by an incomplete UDMH 
bleed in the FVAP circuit which resulted in entrapment of gas in the FVAP transducer 


line. 
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7.8 ENGINE DYNAMIC MEASUREMENTS 


Accelerometer data recorded during the altitude FWD tests provided shock and vibra- 
tion characteristics and levels of the modified XLR 81-BA-13 engine start transient 
at altitude. This data was necessary for use in evaluation and comparison with the 
sea level XLR 81-BA-13 and YLR 81-BA-11 engine test data. 


7.8.1 Test Configuration and Test Results 


Table 7-6 and Fig. 7-14 show the dynamic measurement instrumentation locations and 
types of mounting during tests on engines 805 and 803. Test results are tabulated 
according to tests and are presented in the following tables and figures. A discussion 


of test results is contained in paragraph 7.8.2. 


Table 7-7 — Peak g levels measured at thrust chamber ignition during tests 
AA-01 through BA~-22. 


Table 7-8 — Peak g levels and force loads measured at thrust chamber ignition 
during tests CA-01 through CB-16. 


Table 7-9 — Power spectral density data summary for typical test firings. 


Fig. 7-15 — Representative dynamic measurements and chamber pressure during 
a nominal test firing (CB-06). 


Fig. 7-16 — Representative dynamic measurements and chamber pressure for 
fuel lead starts. 


Fig. 7-17 — Initial and peak thrust response curves for strain gage FSA-2 
during tests CB-06, CB-15, and CB-16. 


Figs. 7-18 through 7-32 — Typical power spectral density and shock spectra 


plots for nominal, low temperature, and fuel lead conditions. 


Fig. 7-33 — Accelerometer AE-10 g (rms) time history plot for test CB-16. 


Fig. 7-34 — Summary relation of ignition shock and propellant hardware temperature. 
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Test firing CB-06 was considered a typical run and is used for comparison in the test 
results discussion since engine performance, operation, and sequencing were all 


nominal and representative of what would be predicted for flight. 


7.8.2 Discussion of Significant Test Results 


As shown in Table 7-7, a comparison of the average peak g levels at thrust chamber 
ignition for each run of tests AA-01 through AA-06 showed good agreement and correla- 
tion of accelerometer data. The peak g levels of the individual accelerometers also 
showed good agreement except for accelerometers AE-8 and 9. These accelerometers 
measured high g levels during tests AA-01 and AA-03. The high vertical and lateral 
acceleration levels (170 to 350 g's) of tests AA-01 and AA-03 are attributed to turbine 
exhaust duct physical interference with the engine thrust chamber. The turbine ex- 
haust duct was not restrained in the direction toward the engine thrust chamber and 
with the two duct bellows acting as flexure points, the turbine exhaust pressure at 
ignition resulted in sufficient duct deflection to strike the thrust chamber. The tur- 
bine exhaust duct experienced a permanent set during the fire tests and the AE-8 and 
AE-9 high acceleration loads were not observed during tests AA-02 or AA-04 through 
AA-06. After the sixth test firing, the turbine exhaust duct was restrained and motion 


in the transverse axes was minimal. 


Test firing AB-01 resulted in a hard start and generated peak g acceleration levels 
more than ten times greater than the first six tests. Data from nine of the ten accel- 
erometers was poor due to amplifier saturation, zero shift, and fractured accelerom- 
eter mountings; however, data from accelerometer AE-10 (electronic gate) was very 


good. 


From Table 7-7 it is also seen that tests AC-09 through AC-14 of the ignition confidence 
tests (AC-01 through AC-14) generated peak g levels greater than tests AC-01 through 
AC-08 by a factor of three. The tests AC-09 through AC-14 were conducted at lower 
propellant and hardware temperatures and the test results showed a preliminary cor- 
relation of greater peak shock levels at thrust chamber ignition with decreasing 


temperatures. 
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Cold temperature tests BA-18 and BA-20 of the mission simulation tests evidenced 
peak g ignition shock levels signigicantly greater than the average ignition shock 
levels observed during the cold temperature tests of the AC test series. However, 
evaluation of the test data revealed that the fuel and thrust chamber injector tem- 
peratures were significantly below 0°F at start for tests BA-18, BA-20, and BA-21. 
Only three accelerometers produced valid data during tests BA-21 and BA-22, pro- 
hibiting a comprehensive evaluation and correlation of these test accelerometer 
results with other AEDC test data. However, the available accelerometer data listed 
in Table 7-7 and evaluation of the engine performance data indicate test BA-21 ignition 
shock levels were greater than the average cold temperature test levels. Table 7-8 
shows thrust chamber ignition peak g and force levels measured during tests CA-01 
through CB-16. Test CB-06 was considered a typical run because engine performance 
and operation were as predicted, therefore data for this run has been used throughout 


the remainder of this section for comparison purposes. 


Tests CB-08, CB-09, CB-12, CB-13, and CB-14 were cold temperature tests estab- 
lished to evaluate low temperature ignition shocks. The results of these tests showed 
average ignition peak shock levels of 1.5 to 4 times the levels obtained during test 
CB-06. The subzero cold test data for BA-18 and BA-20 indicated average ignition 
peak shock levels 10 times greater than test CB-06. Tests CB-15 and CB-16 were 
fuel lead tests during the malfunction series and resulted in hard starts. The indi- 
vidual accelerometers for tests CB-15 and CB-16 showed thrust chamber ignition 

peak g levels from 2 to 67 times the levels observed during test CB-06. A complete 
set of force data was not available due to strain gage FSA-4 malfunction; however, by 
extrapolating the available data, the computed total force loads at ignition were 15,980 
pounds and at least 18,464 pounds for tests CB-15 and CB-16, respectively. All of the 
strain gage levels shown in Table 7-8 are the peak values recorded during the start 
transient. Figure 7-16 shows good time correlation between chamber pressure, accel- 
erometer, and strain gage data, except for accelerometer measurement AE-7 during 
test CB-16. This measurement evidenced a zero shift and the accelerometer was 
sheared off at the mounting stud during the test. Figure 7-17 shows that the thrust 
build-up data of strain gage FSA-2 was approximately three times faster during tests 
CB-15 and CB-16 than for test CB-06 (5 to 6 milliseconds vs. 16 milliseconds). 
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The average g (rms) levels for each test shown in Table 7-9 correlated very well, 
except for the fuel lead test CB-16 where the level was a factor 14 times greater 
than the average levels observed during CB-06. However, this observation is based 
on the very limited data shown in Table 7-9, since accelerometers AE-1, 2, 4, 8, 9, 
1A, and 16 gave little or no data during tests CA-01 through CB-16. 


The power spectral density (PSD) plots show that the greatest acceleration density 
levels occur at about 900, 1600, and 1800 cps. In most of the tests, the highest level 
occurs at 900 cps which correlates with the oxidizer pump impeller rotational speed. 
The peak occurring at 1600 cps correlates with the fuel pump impeller rotational speed 
and the 1800 cps frequency is the first harmonic of the 900 cps peak frequency. The 
PSD plots are dynamic data results during a 0.5-second period immediately after 
thrust chamber ignition except the plots for test AA-04 which were made during the 
start transient conditions for comparative analyses. Test AA-04 is a typical test 
during the initial test series with dynamic data results similar to test CB-06. The 
PSD data shown for the electronic gate in Fig. 7-21 shows that the predominant fre- 
quencies occurred between 400 and 500 cps. The shock mounting of the electronic 
gate resulted in lowering its natural frequency and dampening the high acceleration 
density levels (usually occurring at 900 cps) by afactor of 15. Results of the PSD 
analysis in Fig. 7-23 indicate that erratic vibration conditions were present after 
thrust chamber ignition for the duration of test CB-16 (about 5 seconds). The accel- 
eration density levels varied from 2 to 20 o /cps at no specific predominant resonant 


frequencies. 


Shock spectra plots (Figs. 7-25 through 7-32) show typical peak response g vs. fre- 
quency characteristics from accelerometer data during nominal temperature tests, 

hard start test (AB-01), low temperature tests, and fuel lead tests. The maximum peak 
response g level for the same accelerometer (AE-4) during the low temperature 

test (AC-09) was a factor of 2 greater at the same frequency than for a nominal tem- 
perature test (AA-04) as shown in Figs. 7-25 and 7-26, respectively. The shock 
spectra analyses from the electronic gate data for tests AB-01, BA-18, and CB-16 
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reveals that the hard start of test AB-01 generated the higher maximum peak response, 
1365 g's and the predominant frequencies occurred at 450, 580, and 2000 eps for tests 
AB-01, BA-18, and CB-16, respectively. The significant difference in the electronic 
gate frequency value for test CB-16 occurred because the shock transient lasted for 
1.5 seconds with a forcing frequency of 3000 cps. That is, the shock-mounted elec- 
tronic gate assembly was being vibrated at nearly 3000 cps. At nominal temperature, 
the ignition during fuel lead test CB-15 generated peak response g levels greater 

than twice that for the low temperature oxidizer lead test CB-14, and approximately 

5 times greater than the level for test CB-06, as shown in Figs. 7-30 and 7-31. 


Figure 7-33 is a g (rms) time history plot of the electronic gate accelerometer 
measurement AE-10 for test CB-16. The plot shows that the highest g (rms) level 
occurred at 1.25 seconds after start signal and the shock transient was sustained for 
1.5 seconds. Thrust chamber ignition occurred at 0.87 seconds after start signal 
during test CB-16 and turbine pump operation was terminated at 5.9 seconds by com- 


mand shutdown. 


7.8.3 Conclusions 


The average start transient peak g levels were 48 g's for the tests conducted within 
the temperature range +30°F to +100°F. This shock level is slightly less than the 
average values obtained during the sea level FWD tests (53 g's), slightly higher than 
the average values recorded during XLR 81-BA-13 and YLR 81-BA-11 engine accept- 
ance tests (23 g's), and slightly higher than the 40 g shock test requirements of 
LMSC Specification 6117D. However, the duration (approximately 1 millisecond) of 
these levels during the AEDC testing were considerably less than the 8 millisecond 
requirement in LMSC 6117D, and therefore generated less total energy. 


The dynamic data showed a correlation between lower propellant and hardware tem- 


peratures and increasing ignition shock peak g levels, as indicated in Fig. 7-34. 
The observed ignition shock levels with the hard mounted engine installation at AEDC 


7-42 


LOCKHEED MISSILES & SPACE COMPANY 


ee ey le ee ee ee ee ee * 


ae rs a as ra re ee re ee ee ee a eS 


LMSC-A818110 


were compatible with LMSC Specification 6117D test requirements when all hardware 
and propellant temperatures were maintained above +10°F. However, tests with 
temperatures below +10°F, and especially with the subzero fuel and thrust chamber 
injector temperatures experienced during AEDC tests BA-18, 20, and 21, produced 
ignition shocks greater than the Specification 6117D test requirements. The engine 
hardware and installation demonstrated the capability of withstanding these high shock 
transients with no detrimental effects resulting from the adverse temperature condi- 


tions. However, the dynamic data results indicate a lower temperature limit of 0°F 
at ignition should be established, considering (1) the significant increase in altitude | 
ignition shock levels at temperatures below zero (142 peak g's at 0°F to 717 maximum 
peak g's at temperature below 0°F) and (2) the dynamic qualification test requirements 

for vehicle hardware mounted in proximity to the engine. The low temperature tests 

(0°F) conducted with strain gage instrumentation showed no significant change in peak 

thrust level at ignition, indicating the higher peak acceleration levels observed were 

primarily the result of a more rapid rise in chamber pressure during propellant 


ignition with no indication of a significant increase in ignition peak thrust overshoot. 


The highest acceleration levels recorded during the altitude FWD engine tests were 
observed during test AB-01, however, the levels recorded during the fuel lead tests, 
especially test CB-16, were significantly greater than the LMSC Specification 6117D 


test requirements. 


The lowest propellant temperatures predicted for flight are not the bulk temperatures 
in the tanks, but those injected into the thrust chamber from the pump discharge lines 
which are opened to vacuum during propellant venting. Analysis results indicate that 
the probability of the temperature of propellants in the lines decreasing below 0°F is 

small. Therefore, ignition shocks predicted for Gemini flights should not exceed the 

values demonstrated on the engine during the AEDC tests. 
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7.9 SUMMARY AND CONCLUSIONS 


Forty-three ignition confidence, simulated mission, and malfunction tests were suc- 
cessfully completed on schedule at an average simulated altitude of 356,000 feet 
(2.6x 1076 psia). In addition, two checkout firings were accomplished at altitudes 
of 85,000 feet. A summary of the AEDC test program is provided in Table 7-10. 


The altitude test program demonstrated that the modified XLR 81-BA-13 rocket engine 
would start, operate, and shutdown in a safe and reliable manner at simulated hard 
vacuum conditions. Reliable thrust chamber ignition occurred during all tests with 
the flight configuration oxidizer lead design and with specification grade propellants. 
The fuel-lead gas generator ignited reliably during all tests. The test data provided 
definition of, and flight predictions for engine altitude transient performance and 
operating characteristics over the range of Gemini mission operating conditions. 
Additional results and conclusions, obtained as a result of the altitude test program 


are as follows: 


e Relation between thrust chamber ignition shocks and propellant and hardware 
temperatures. 

@ Definition of adverse shocks that occur when temperatures are significantly 
below the specification minimum limit. 

e Effects of excessive fuel contamination as demonstrated in the test AB-01 
hard-start failure. 

e Confirmation during test CB-16 that the Vehicle 5002 flight failure was 
caused by a fuel lead hard start. 


A comparison of oxidizer lead ignition characteristics at altitude and sea level was 


made. Results indicated that a preignition chamber pressure rise begins approximately 


10 milliseconds after the main fuel valve opens, and increases to a value of 5 to 30psia 
approximately 40 milliseconds later whereupon ignition occurs. This low pressure 
preignition characteristic is observed both at sea level and altitude conditions and 
appears to correlate with the preigniter flow characteristic discussed in paragraph 9.3. 
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The magnitude of this preignition chamber pressure rise is a function of temperature 
and altitude. The altitude high temperature tests at +100°F showed a pressure rise 
to about 25 psia, which correlates with sea level test data at 50°F. Altitude test 
results at 50°F showed a pressure rise to approximately 5 psi which correlates with 
the +10°F sea level results. Decreasing the test temperature to 0°F at altitude 
reduced the preignition pressure rise to a low indeterminate value which was less 
than the sensitivity of the instrumentation used at AEDC. Test AC-01 was conducted 
at +45°F with fuel and oxidizer burst discs installed, trapping air at ambient pressure 
between the burst disc and propellant valve seat. This test ultimately displayed a 

low chamber pressure rise characteristic similar to the +50°F sea level test. During 
this test, the normal altitude preignition pressure rise started approximately 10 milli- 
seconds after the fuel valve opened. The effect of the trapped air was observed about 
20 milliseconds later, at which time the pressure rise rate increased until a final 
preignition pressure of approximately 50 psia was achieved at 40 milliseconds after 


start of the preignition pressure rise. 


An analysis of ignition shock levels during the low and variable temperature tests at 
simulated altitude showed that a trend of increasing shock levels occurs as test tem- 
peratures are decreased. The significant increase in shock levels occurred at tem- 
peratures below 0°F, however, no detrimental effects on engine operation were 
observed within the range of test temperatures. Analysis results show that adverse 
ignition shocks will not occur with temperatures above 0°F. Results of tests with 
significant propellant and hardware temperature differences indicated that vapor 
detonation or propellant reaction did not occur in either propellant system manifold 
during any of the tests. Special test conditions were imposed to promote fuel vapori- 
zation prior to the oxidizer lead ignition (cold hardware and oxidizer with warm fuel); 
however, vapor detonation or effects thereof were not observed. A special test 
designed to induce oxidizer preflow condensation in the fuel injector manifold (warm 
propellants with cold hardware) revealed no indication of a combustion reaction in the 
fuel manifold. Consequently, the present XLR 81-BA-13 engine configuration is not 
considered to be susceptible to potential problems of vapor detonation or injector pro- 
pellant manifold combustion reaction over the range of temperatures and combinations 


thereof predicted for the Gemini mission. 
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Results of the last two tests confirmed that a fuel lead start sequence at nominal tem- 
peratures (+50°F) produces excessive ignition shocks and a high probability of engine 
damage. This conclusion, and comparison of GATV 5002 data with test CB-16 results, 
provided verification that the flight failure was caused by the fuel lead, although adverse 
ignition shocks were not detected during engine fuel lead tests at sea level. Lack of 
dynamic instrumentation prevented detection of shocks during original tests at 120,000 
feet simulated altitude. A pressure switch malfunction (failure to deactuate) could 
produce a fuel lead start sequence with the present XLR 81-BA-13 engine configuration. 
However, based on YLR 81-BA-11 engine flight history, and on reliable switch opera- 
tion demonstrated during Project Sure Fire testing, the probability of starting with a 
fuel lead is considered to be quite low. Monitoring the pressure switch contact posi- 
tions in flight provides the capability to detect an actuated switch and thereby prevent 


a potential hard start. 


Test AB-01 demonstrated the adverse effects of significant contamination in the fuel, 
as evidenced by a failure at ignition during an oxidizer lead start sequence. The pro- 
pellant contamination produced a hard start at 84,000 feet simulated altitude and dis- 
played several characteristics similar to those observed during GATV 5002 failure 
analysis. This failure, occurring early in the altitude test program, provided addi- 
tional confidence in the conclusions of, and corrective action implemented on the basis 
of the GATV 5002 postflight analyses. During test AB-01, the shock-mounted elec- 
tronic gate provided a safe turbine overspeed shutdown after having been subjected to 
the very high ignition shock levels. This overspeed shutdown was accomplished by 
the electronic gate with the modified engine electrical control circuit and a simulated 
vehicle aft safe arm junction box. Therefore, safe shutdown of the engine assembly 
was demonstrated with the flight configuration hardware under engine hard-start 
conditions considered more severe than those obtained during the fuel lead hard starts 
on GATV 5002 and test CB-16. . 


The malfunction tests simulating OMPS failure to actuate demonstrated that the OF PS 
is a satisfactory backup for the OMPS function during the engine start transient and 
steady-state operation. Thrust chamber ignition occurs approximately 0.130 seconds 
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later when the OFPS is in command, resulting in an additional preflow of 5 pounds. 
No significant difference in the thrust chamber ignition characteristics or ignition 
shock levels was observed when compared to a normal OMPS-controlled start. 
Values of the engine transient performance parameters, such as, time to thrust 
chamber ignition, turbine speed at ignition, and time to 75 percent rated thrust, 
increased slightly. 


Undesirable effects of instrumentation design on engine transient performance were 
observed during the altitude test program. The measurements producing the most 
significant effect were the fuel valve actuation pressure (FVAP) and the oxidizer 
manifold pressure (OMP) transducer installations. Both measurements caused a 
delay in fuel valve opening time, thereby increasing the oxidizer preflow and the 
time to thrust chamber ignition. The test results have shown that a 1/8-inch maxi- 
mum diameter OMP transducer pressure sensing tube assembly is required to mini- 
mize the delay of the OMPS electrical signal to the fuel valve POSV. Results also 
showed that a close-coupled FVAP transducer is required to minimize gas entrap- 
ment in the fuel valve actuation pressure circuit. The GATV flight configuration OMP 
and FVAP transducer installations comply with these requirements, and the flight 


transient performance values have been predicted accordingly. 


During the initial gas generator start sequence, after start system propellant loading, 
an increase of approximately 50 milliseconds was observed in the time required to 
achieve peak turbine manifold pressure. A corresponding reduction in turbine accel- 
eration and a delay in time to reach 75 percent rated thrust resulted. This delay is 
attributed to entrapment of air or pressurization gas upstream of the gas generator 
solenoid valves during normal start tank loading. The entrapped gas is injected into 
the gas generator during the first start sequence, causing the delay in turbine mani- 
fold pressure rise. The first start sequence purges the trapped gas and delays were 


not observed during subsequent starts. The effects of this gas entrapment are not 


ee ee Fs a ee rg ee 


detrimental to reliable engine operation. 
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A comparison of the predicted flight start and shutdown transient performance char- 
acteristics for the XLR 81-BA-13 and YLR 81-BA-11 engines shows the following: 


a. The time to 75 percent thrust for the XLR 81-BA-13 engine is 1.0 second, 
which is 0.2 second less than the nominal value for the YLR 81-BA-11 
engine. This reduced time is attributed to a higher initial turbine accel- 
eration due to the higher energy release from the start tank propellants 
than from the YLR 81-BA-11 solid grain. 

b. There is no significant difference in the quantity of oxidizer preflow for 
the two engine configurations; approximately 8 pounds preflow occurs 
for the first start and approximately 6 to 7 pounds for all subsequent 
starts in flight. 

c. The oxidizer postflow of the XLR 81-BA-13 engine is approximately 
3 pounds less than postflow of the YLR 81-BA-11 engine. This is 
attributed to the closing time of XLR 81-BA-13 engine oxidizer gas 
generator solenoid valve which is less than that of the YLR 81-BA-11 
engine bipropellant gas generator valve. The longer closing time of 
the YLR 81-BA-11 engine valve results in additional propellant flow 
to the gas generator which accelerates the turbine after the main fuel 
valve closes. Consequently, the turbine deceleration from a higher 
speed results in a greater oxidizer postflow rate and duration until 
the turbine speed and corresponding oxidizer pump discharge pres- 
sure decays sufficiently to allow the main oxidizer valve to close. 

d. Data evaluation and comparison indicates that the thrust chamber 
ignition process of the modified XLR 81-BA-13 engine is very similar 
to that of the YLR 81-BA-11 thrust chamber. 


7.10 RECOMMENDATIONS 
The altitude test program successfully demonstrated flightworthiness of the modified 


XLR 81-BA~-13 engine configuration and the objective of obtaining reliable thrust 
chamber ignition characteristics similar to the YLR 81-BA-11 engine was achieved. 
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Consequently, the engine transient performance and operating characteristics result- 
ing from the altitude testing were recommended and are used as the baselines for 


GATV preflight propulsion predictions and mission planning. 


The requirement for testing at the proper simulated altitude to ensure reliable ignition 
in the flight environment was demonstrated. Significantly different effects on ignition 
characteristics were obtained as compared to previous test programs at sea level and 
120,000 feet. Accordingly, tests at simulated altitude pressures sufficiently below 
the propellant triple point pressure are strongly recommended for future liquid bi- 
propellant engine development programs. Testing at such pressures is necessary to 
ensure that reliable ignition characteristics for a specific propellant combination 

and hardware configuration have been verified for the hard vacuum flight environment. 
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Fig. 7-2 OMPS Sensing Line 


Fig. 7-3 Modified OMPS Sensing Line 
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Fig. 7-4 Turbine Exhaust Duct Support 


Fig. 7-5 Modified Turbine Exhaust Duct Support 
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Fig. 7-6 Fuel and Oxidizer System Temperature Measurement Locations 
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ARO er 
Symbol 


TC-1 Thrust Chamber Skin 5 o'clock on Thrust Chamber 
TC-2 Thrust Chamber Skin 11 o'clock on Thrust Chamber 
TES-1 Engine Surface 3 o'clock on Injector 

TES-2 Engine Surface 2 o'clock on Thrust Chamber 
TES-3 Engine Surface 8 o'clock on Thrust Chamber 
TES-4 Engine Surface 9 o'clock on Injector 

TES-5 Engine Surface 2 o'clock on Ox Valve 

TES-6 Engine Surface 9 o'clock on Fuel Solenoid Valve 
TES-7 Engine Surface 9 o'clock on Fuel Valve 

TES-8 Engine Surface 3 o'clock on Fuel Valve 

TES-9 Engine Surface 2 o'clock on G.G. Ox Solenoid Valve 
TES-10 Engine Surface 10 o'clock on G.G. Fuel Solenoid Valve 
TES-12 Engine Surface Ox Case Pressure Switch 
TES-13 Engine Surface Ox Valve Pressure Switch 
TES-14 Engine Surface Thrust Chamber Switch 

TES-15 Engine Surface Ox Manifold Pressure Switch 
TES-16 Engine Surface Relay Box 

TES-17 Engine Surface Electronic Gate 

TES-18 Engine Surface 8 o'clock on Ox Pump Inlet 
TES-19 Engine Surface 5 o'clock on Fuel Pump Inlet 
TES-20 Engine Surface 6 o'clock Midway Gear Case 
TES-21 Engine Surface 11 o'clock on Ox Valve 

TGG-1 Gas Generator Skin Gas Generator Next to Pump 
TGG-2 Gas Generator Skin Gas Generator Next to Chamber 
TOST Ox Start Tank Skin 5 o'clock on Start Tank 

TFST Fuel Start Tank Skin 2 o'clock on Start Tank 


TGCO Gear Case Oil Oil Temp. Probe in Gear Case 


CLOCK STATIONS 1 12 4 
LOOKING DOWNSTREAM 4 9 
9 3 
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Fig. 7-7 Engine Thermocouple Locations 
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Fig. 7-8 Typical Altitude Start Transient 
Characteristics 
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Fig. 7-10 Separation of Thrust Chamber at Injector/Barrel Interface 
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Fig. 7-11 Major Engine Parameters During 
Test AB-01 
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Fig. 7-12 Low Temperature Ignition Characteristics 
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Fig. 7-14 Dynamic Measurement Locations 
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Fig. 7-15 Typical Dynamic Measurement Results 
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Fig. 7-18 Power Spectral Density 
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Test No. AA04; Engine 805; Measurement Accelerometer No. AE-07; Test Temperature 40°F; 


Event: Thrust Chamber Ignition; Interval RMS Value 8.34 G 
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Test No. AC14; Engine 803; Measurement Accelerometer No. AE-5; Test Temperature 10°F; 


Event: After Thrust Chamber Ignition; Interval RMS Value 10.76 G 
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Fig. 7-19 Power Spectral Density 
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Fig. 7-25 Shock Spectrum Analysis 
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Test No. AC09; Engine 803; Measurement Accelerometer No. AE-4; Test Temperature 10°F; 


Event: Thrust Chamber Ignition 
Amplification Factor (Q) = 10.0 
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Fig. 7-26 Shock Spectrum Analysis 


Test No. AA04; Engine 805; Measurement Accelerometer AE-4; Test Temperature 40°F; 


Event: Thrust Chamber Ignition 


Q = 10.0 
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Test No. AB0O1; Engine 805; Measurement Accelerometer AE-10; Test Temperature 50°F; 
Fig. 7-27 Shock Spectrum Analysis 


Event: Thrust Chamber Ignition 


Q = 10.0 
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Fig. 7-28 Shock Spectrum Analysis 
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Test No. BA18; Engine 803; Measurement Accelerometer AE-10; Test Temperature 10°F; 


Event: Thrust Chamber Ignition 


Q = 10.0 
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Fig. 7-30 Shock Spectrum Analysis 
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Fig. 7-33 Accelerometer Measurement AE-10 
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Section 8 
INVESTIGATION OF FAILURES AND DISCREPANCIES 


8.1 GENERAL 


An evaluation was performed of the failures and discrepancies which occurred during 
Project Sure Fire engine and component testing. Most of these discrepancies are 
discussed in Section 11, however, four major investigations were undertaken which 
are described in this section. These investigations are discussed separately to indi- 
cate the scope of evaluation, significant results, conclusions, and corrective actions 
which resulted. The following paragraphs describe failure investigations of: engine 
805, Allied Controls Company relay, fuel gas generator valves, and fuel valve actua- 


tion pressure transducer. 


8.2 ENGINE 805 FAILURE ANALYSIS 


Engine 805 failure analysis was performed to evaluate the condition of the engine 
hardware after the hard start at AEDC and to assess the extent of engine damage. 
This evaluation was accomplished at Bell Aerosystems Company during the period 
of 10 March 1966 to 6 May 1966. The failure analysis plan was divided into two 
categories: 

e A structural analysis and metallurgical investigation to evaluate and 

determine the extent of structural damage. 
e Component functional and leakage tests to assess affect of the damage 


on component and engine operation. 


Engine 805 evaluation requirements and the corresponding significant results are 


summarized in Table 8-1. 
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8.2.1 Failure Description 


A destructive hard-start failure occurred on engine 805 on 12 February 1966 during 
the AEDC test program. The failure occurred on run AB-01 in test cell J-2A ata 
simulated altitude of 84,000 feet at thrust chamber ignition. The major failure area 
was at the injector to thrust chamber welds, wherein a clean separation of the two 
components at the weld perifiery and shear failure at the thrust gimbal lug welds were 
observed. Additional significant failures observed were: buckling of the engine 
mount, tear-out of one of the pump gear case support lugs, gimbal actuator support 


pin shear failure, and POSV coil case structural damage. 


BAC conducted a structural anslysis and investigation to determine the failure mode. 
Results indicated the failure was the result of a detonation within the thrust chamber 
which produced a longitudinally-directed extremely high pressure wave. Results of 
the functional and leakage tests are listed in Table 8-1, and as seen, most components 
passed the functional, leakage and/or acceptance tests satisfactorily. The inability 
of some components to pass the specified tests is attributable to the hard start, for 
example, the pilot operated solenoid valve, oxidizer manifold pressure switch, and 
cable assembly (insulation resistance), In the case of the main fuel valve, electronic 
gate, and dual check valves, discrepancies were recorded which are not considered 
to be caused by the hard start. The functional data obtained for those components 
affected by the ignition shock has aided in determining effects on overall engine 
functional limitations. However, this data provides limited capability in terms of 
determining the kind of pressure mode or mechanism that existed in the main thrust 
chamber during ignition. Therefore, further discussion of the functional tests is 

not required, and the results supporting the longitudinal pressure wave as the cause 
of the observed failure are discussed below in terms of four significant areas of 
evaluation: thrust chamber, engine mount, pump gear case, and actuator support 
pins. 
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8.2.2 Thrust Chamber Evaluation 


The evaluation of the thrust chamber injector manifold cover (1, Fig. 8-1) and 
injector-chamber (2, Fig. 8-1) weldment fractures revealed good initial weldments. 
The circumferential fractures occurred through the throat of the fillet welds and 
dimensional inspection of the fillets revealed weld throat dimensions well above 

the minimum requirement. Metallurgical examination of the weldments at the 
fractures revealed an acceptable structure with no deleterious imperfections. 
Consequently, it is concluded that the thrust chamber welds were satisfactory with 
no indication of any weldment imperfections which would contribute to the thrust 


chamber failure. 


Structural analysis of the thrust chamber was performed to predict the structural 
failure mode with an over-pressure condition in the chamber. The results of this 
analysis showed that the thrust chamber barrel section would fail due to hoop stress 
prior to achieving the yield stress at the observed failure point with a homogenous 
pressure distribution. Consequently, it was concluded that the failure was the result 
of a longitudinal pressure wave (5320 psi minimum calculated) producing a load at the 
injector-chamber welds exceeding the ultimate stress with radial pressure loads no 


greater than the chamber hoop stress yield pressure, (2250 psi calculated). 
8.2.3 Engine Mount Evaluation 


The engine mount supporting the thrust chamber and pump was buckled locally at one 

of the main truss members (8, Fig. 8-2). The engine mount consists of truss-type 
tubular construction. The material used is 4130 steel tube heat treated to 150, 000 

psi ultimate tensile strength. The main load carrying members are tubes of 0. 035-inch 
wall thickness and 1-1/2-inch diameter. Static tests conducted on the YLR 81-BA-11 
engine mount (same configuration except for brackets) indicated column failure at 
141,500 psi compression which was obtained by applying a load simulating engine 

thrust of 79,500 pounds along the engine longitudinal center line. A comparison of 

the static test mount and that of engine 805 indicated that buckling of a similar nature 


and in a similar tube occurred in both cases. 
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8.2.4 Pump Gear Case Evaluation 


Further evidence of abnormal stress force was indicated by the tear out of the pump 
gear case support lug (1, Fig. 8-3). The failed area of the lug is approximately 
0.42 square inch. The lug is made from a magnesium sand casting which has an 


allowable ultimate tensile stress of 34,000 psi. The equivalent load necessary to 


produce this stress is 14, 350 pounds. The normal load acting on the lug is 323 pounds. 


The pump gear case structural failure is considered to be the result of the high 
longitudinal acceleration and the turbine drive assembly inertia producing loads at 


the mounting lugs, exceeding the gear case tensile strength. 
8.2.5 Gimbal Actuator (Solid Link Rods) Pins Evaluation 


The gimbal actuator pins are test facility hardware items; however, these pins 
were included in the evaluation to assess the minimum loads applied to the engine 
actuator attach points. Examination of the sheared gimbal actuator pins revealed 
very sharp and clean cleavage in double shear at the engine mount attach points 
(land 2, Fig. 8-2). The sheared sections showed a Rockwell ''C'' of 22-24 which 
is equivalent to a tensile strength of 125, 000 psi and a shear strength of 75, 000 psi. 
The calculated loads required to shear these pins (0.312 inch diameter) is 23, 000 
pounds. Maximum loading on these pins during normal thrust chamber gimballing 
is approximately 4,400 pounds. These data also demonstrate excessive loading of 
the engine structure; however, post fire inspection of the pin distortion and position 
indicated the pins sheared due to restraining the thrust chamber subsequent to the 


injector separation (tension loading of the actuator rods). 


8.2.6 Failure Conclusions 


The engine 805 failure evaluation showed significant structural damage to the thrust 
chamber, engine mount, pump gear case, pilot operated solenoid valve, and oxidizer 
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manifold pressure switch. This damage is attributed to a longitudinal high pressure 
wave in the thrust chamber with resulting excessive pressure, thrust, and accelera- 
tion loads. These excessive loads were a factor at least five times greater than 


rated operating values, which is more than required to cause the observed failure. 


8.3 RFLAY FAILURE ANALYSIS 


During the development vibration test of Pressure Switch Relay Box, BAC P/N 
8247-472483-1, an indication of faulty operation occurred. The failure was isolated 
to an Allied Controls Co. relay, BAC P/N 8081-475026-1, which would not de-energize 
after coil power was removed; that is, the normally-open contacts would not return 
to the open position. The failed condition was repeatable after removal from the 
vibration test fixture. The condition was intermittent in occurrence; however, it 
averaged one failure out of ten cycles during the initial investigations at BAC before 
the relay box was disassembled. After removal of the relay box cover, the relay 
was X-rayed in both the energized and de-energized position. In several of the 
X-rays, all six movable contacts were in the transferred position and the phenolic 
plunger was in the energized position even though power was not applied. The 
movable magnetic pole piece of the solenoid within the relay could not be seen in 


the X-rays and its position during the time in which the relay was "'stuck"' is unknown. 


8.3.1 Failure Investigation 


The relay box was taken to the manufacturer, Allied Controls Company. The relay 
was in the stuck position when taken to Allied as verified by Allied test personnel. 
After resetting the relay by a "tap" along the plunger axis it could not be caused to 
malfunction again while at Allied. The relay was then removed from the relay box 
assembly and subjected to a 5000 cycle "miss test" along with a new relay used for 
comparison purposes. The miss test consisted of applying a 5-microamp current 
through the contacts in series while cycling the relay. The number of cycles of 
relay operation were compared to the number of cycles of output from the series 


contacts. The control relay recorded no misses. The failed relay recorded 
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three misses during the 5000 cycles. Both units were subsequently disassembled and 
inspected under a 30X microscope. No contamination, burrs, or other friction 
generating conditions were found; however, the examination was inconclusive because 


the failed relay was dropped after disassembly and before inspection. 


Two causes of failure are possible contamination inside the pole piece or plunger area 
and tolerance buildup which could result in misalignment of the relay component pieces 


during vibration or repeated cycling. 


BAC parts specialists and the Allied Co. designers conducted a design review of the 
relay. The only significant conclusion of the review which pertained to the test failure 
was that a maximum tolerance buildup during manufacturing could possibly result in 

a condition that would allow the relay mechanism alignment to shift sufficiently to 
cause an interference fit. The probability of obtaining a relay assembly with a worst- 
on-worst stack-up of tolerances required to obtain this interference fit condition was 


considered so remote that design, or manufacturing changes were not required. 


LMSC and BAC personnel conducted an extensive quality assurance audit of the Allied 
manufacturing line which produced the subject relay. Both LMSC and BAC representa- 
tives concluded that the relay was being fabricated with inadequate quality assurance 
standards and contamination controls. Ten Allied production relays which were in 
stock at BAC were disassembled and microscopically examined by BAC and LMSC for 
evidence of contamination or other poor quality assurance practices. Considerable 
evidence of contamination and poor quality assurance controls were found. Examples 
of defects which were found include: solder balls and splash; solder flux; and jagged, 


protruding metal edges which break off when bent. 
8.3.2 Corrective Actions 
Procedures and controls were instituted by BAC, LMSC, and Allied personnel with 


participation by an Aerospace Corporation representative for the fabrication of a group 
of high reliability Allied relays, P/N 8081-475026-3, under carefully controlled 
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quality and cleanliness conditions. Every operation of fabrication, cleaning, and 
inspection was observed, and numerous inspections were performed to assure 
contamination-free properly fabricated relays. The judgment of BAC and LMSC 

was that the resultant high-quality relays, free of visible-size particulate contamina- 


tion, met the quality requirements for the Gemini vehicle. 


At BAC's insistence, many of the requirements imposed on the special batch of 
high-quality relays are now standard operating procedures at Allied for the 8081- 
475026 line of relays. In addition, BAC has now imposed a 5000-cycle dry circuit 
"miss" test as a requirement for each relay coming off the production line. The 
purpose of this test is to double check against loose contaminants inside the relay 
case. One 'miss," (failure of normally-open contacts to close) during the 5000 cycles 


of operation is cause for rejection. 


8.3.3 Failure Conclusions 


The relay failure evaluation indicated the most probable cause of the relay failure 
was contamination within the relay which prevented deactivation of the relay mechan- 
ism. The stringent manufacturing and quality control requirements established for 
the special production lot of relays comply with the Gemini Mission reliability 
requirements. The resulting relays, and corresponding relay boxes, manufactured 
and tested in accordance with these requirements incorporate the required corrective 


action to prevent failure recurrance and are considered flightworthy. 


8.4 FUEL GAS GENERATOR SOLENOID VALVE INVESTIGATIONS 


During several of the Sure Fire test programs, functional anomalies were noted in 
fuel gas generator solenoid valve (FGGSV) operations. An investigation was conducted 
to determine the cause of the erratic opening times and failures to open that had been 
experienced. The test requirements and sequence of testing for each investigation 
differed, depending on the conditions under which the anomalies occurred and the 
nature of the problem. Table 8-2 presents a summary of the problems, conditions, 


tests performed, and results of the investigations conducted. 
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8.4.1 Discussion 


The nine fuel gas generator solenoid valves listed in Table 8-2 can be grouped as 


follows: 
e Slow or nonrepeatable opening time — valves 102, 112, and 119 
e Failed to open — valves 109 and 116 
e High leakage rate — valve 115 
e Used for comparison — valves 113, 114, and 117 


Disassembly and inspection of the malfunctioning valves indicated the following 


conditions: 


e O-ring wear or twisting — valves 102, 109, 112, and 119 
e Contamination — valves 115 and 116 
e Absence of lubricant — valves 102, 109, 118, 116, and 119 


The O-ring wear or twisting found in valves 102, 109, 112, and 119 indicated high 
frictional forces between the valve body and the O-rings. These friction forces, 
opposing the solenoid actuation force, are considered the primary cause of the 


nonrepeatability of valve opening times. 


The investigation of valve 109 failure produced insuffient information to form a 
definite conclusion as to why it failed to open. This is primarily due to lack of 
sufficient detailed information on the conditions that prevailed at the time of failure. 
The valve inspection results indicated that high friction forces had been present. 
However, nominal valve operation occurred during 17 start system tests conducted 
subsequent to the failure and prior to disassembly. This indicates that an additional 
factor could have caused the failure to open. Such a factor could have been excessive 
temperature, low or no voltage applied to the valve, or contamination within the valve 


which was inadvertently corrected or removed during the subsequent tests. 
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The contamination found in valves 115 and 116 is considered the cause of the valve 
malfunction. Valve 115, which exhibited an unusual leakage rate, showed a severe 
contamination condition not associated with the usual particle and fiber count con- 
tamination checks. The teflon sliver and particles embedded in the seat were of 
sufficient size to cause leakage rates 70 times that allowed by the specification. 
Valve 115 was refurbished and subsequently used on engine 803 during the engine 

sea level FWD tests and a post-test leakage rate of 900 cc/hr was found to be caused 
by a metal particle on the valve seat. Other valves, not listed in Table 8-2, have 
indicated leakage in the past, however the rates were less significant and normal 


cleaning and flushing were sufficient to remove the contaminants. 


Valve 116 was found to have a general deposit of aluminum hydroxide crystals on the 
bore and armature surfaces which caused binding of the armature, preventing opening 
of the valve. At the time of failure, the valve had been in continuous test use for 
almost four months with only two flushes. The valve had accumulated a total of nearly 
27 minutes operating time, equivalent to a total flow in excess of 340 gallons of UDMH. 
These conditions are in excess of the nominal 12 minutes total run time and maximum 


of 5 minutes run time between flushes experienced by flight valves. 


The absence of lubricant in valves 102, 109, 118, 116, and 119 indicates a loss of 
lubricating material when the valves are subjected to UDMH service. This condition 
was noted in the main fuel valve evaluation program conducted under a YLR-81-BA-11 
engine contract in 1963, wherein the lubricant was found to be partially soluble in 
UDMH. The conditions leading to O-ring wear and twisting, and armature stiction 
due to the condition of the O-rings, can result from other than lubricant loss. Valve 
118 had no lubricant remaining when disassembled and the O-ring had a slight 
permanent set; however the valve operated normally with no evidence of stiction 
during testing. The design and operating conditions that can possibly affect the valve 


actuation forces and consequently the opening times include: 


a. Loss of O-ring lubricant which directly affects O-ring friction. 
b. O-ring impregnation by UDMH which affects the O-ring mechanical properties 


and thus the relative stiction force between the O-ring and bore surface. 
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c. Parametric conditions of: 


e Armature and bore clearances and dimensions relative to the 
O-ring and back-up ring dimensions and groove clearances. 
O-ring swelling due to exposure to UDMH 

O-ring durameter hardness loss due to exposure to UDMH 


Start tank pressure, including valve closing water hammer effect 


Armature, bore, backup ring and O-ring temperature. 


These parameters affect O-ring squeeze, O-ring contact area with the bore 
sliding surface, and possible O-ring extrusion between the armature and 
bore and thus cause a change in the friction forces. 

d. Wetting of O-ring and bore by UDMH from prior operations which can act 
as a form of lubricant between the O-ring and bore, reducing friction. 

e. Applied voltage and temperature of the FGGSV, which affect both the 
ampere-turns output of the solenoid coil and the magnetic response 
characteristics of the armature core material. 

f. Surface finish of the bore, backup rings, and armature O-ring groove 
which affects the friction between the O-ring and these surfaces. 

g. Contamination in the area between armature and bore which can cause 


stiction or complete binding. 


Valve disassembly and inspection subsequent to UDMH service revealed a general 
condition of lubricant loss as in condition a. above, and both conditions a. and b. 
were observed for the dynamic O-ring of valves 102 and 109. The parametric 
conditions of c. can change as a function of the overall valve condition at the time 
of a specific operating cycle. Disassembly for visual inspection will disturb this 
overall condition somewhat, prohibiting an accurate and complete assessment of 
the effect of the parametric conditions. A design review of the critical dimensional 
requirements for the armature O-ring indicated that the design was acceptable for 


the operating requirements specified. 


LOCKHEED MISSILES & SPACE COMPANY 


eR a 


FR a PR a FR a PR a FL FR a as a Pc Se 


Lu 


fend be rie 


= fal = henal hewn = da Lisl 


re a a a a 


LMSC-A818110 


Test results, primarily for valves 102 and 109, indicate that the effects of fluid 
wetting, (condition d) were present during investigation testing, and accordingly 
affected the valve response times. A review of the test conditions during the non- 


repeatable valve operations indicated that the applied voltage and temperature 


environment (condition e.) were within the valve specification limits, and based on the 


plots in Fig. 8-4, were not varied sufficiently within a test series to account for the 
range of observed opening times. Visual inspection showed that surface conditions 
(condition f.) were satisfactory, indicating that erratic time is not attributable to 
surface condition degradation. Contamination (condition g.) was observed in the 
form of aluminum hydroxide in valve 116 and is considered the cause of the failure 


of this valve to open. 
8.4.2 Conclusions 


Results of the fuel gas generator valve investigations show that contamination was 
the cause of valve leakage and one valve failure to open. The cause of valve 109 
failure to open has not been conclusively determined. Subsequent test results, 
however, including an attempt to duplicate the test conditions which prevailed at 

the time of the valve malfunction, indicate that the primary cause of failure was the 
result of adverse test conditions which were corrected during all subsequent testing. 
The nonrepeatable valve opening times are attributed to an increase in the dynamic 
O-ring friction. A common factor observed in all valves exposed to UDMH service, 
and which affects dynamic O-ring friction, is loss of lubricant. This factor alone is 
not considered sufficient to cause nonrepeatable operation, as demonstrated by 

the repeatable operation of valve 113, and by other valves subjected to extensive 
UDMH service during the Sure Fire Program, wherein a similar loss of lubricant 
must be assumed. The pull-in voltage data presented in Fig. 8-4 and the safety 
margin analyses results indicate that with a minimum Agena flight voltage (+19 vdce) 
and a maximum valve spring preload, a safety margin of well over two exists, pro- 


viding assurance that the fuel gas generator valve will open in flight. 
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The friction forces are a significant portion of the total spring, pressure, friction, 
and inertia force combination opposing the solenoid actuation force. Consequently, 
minor variations in the factors affecting the friction forces may result in an increase 
in the total actuation force necessary for operation. For constant pressure, tempera- 
ture, and applied voltage, the increase in friction force must be compensated for by 

a decrease in the inertia force thereby reducing armature acceleration. This results 
in a corresponding increase in valve opening time. The gas generator test results 
(para. 5.5) show that gas generator ignition characteristics resulting from delayed 
fuel gas generator solenoid valve operation are insignificantly affected. This was 


also verified during the AEDC tests wherein the FGGV opening was not repeatable. 


Fuel gas generator valve design improvements are feasible to reduce the effect of 
friction forces and improve the consistency of the friction forces. Examples of 


potential design improvements proposed by BAC include: 


e Incorporation of a thinner armature core encapsulation material to 
increase the solenoid pull in force. 
e Utilization of teflon sprayed dynamic O-rings to eliminate the variable 


caused by loss of lubricant. 


These design change improvements may be considered for future development activity. 


However, the evaluation and test results presented above indicate that a high safety 
factor exists for opening the valve in flight and that repeatable valve opening is not 
required to meet specification engine start transient operation. Therefore, a design 


change is not considered justified for the remaining Gemini flights. 
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8.5 FUEL VALVE ACTUATION PRESSURE TRANSDUCER FAILURE ANALYSIS 


A failure occurred in Fuel Valve Actuation Pressure Transducer, LMSC P/N 1616567- 
41, S/N 1130 during AEDC Phase III testing. Prior to use in simulated altitude testing 
at AEDC the transducer had been used in tests at the LMSC Santa Cruz Test Base where 
it was exposed to severe vibration cycling and subjected to four pyrotechnic shock 
tests. After cleaning and calibration at LMSC, the transducer was shipped to BAC 

and used on engine hot firings in the sea level FWD safety limits and malfunction 

tests. The transducer was then shipped to AEDC and used during the simulated 

altitude hot fire tests. At AEDC, the transducer was installed on engine 803 to monitor 
fuel valve actuation pressure beginning with test CA-01. During test CA-01, the oscil- 
lograph trace deflected in the wrong direction, indicating that the transducer output 

had been reversed when connected to the facility instrumentation system. This was 
corrected prior to test CB-03 and the transducer operated normally until test CB-16. 
Ignition transients during test CB-16 produced high shock loads and the transducer 
output became erratic after ignition. Transducer failure was indicated when the 


output returned to zero and remained there for the duration of the firing. 
8.5.1 Transducer Description 


The fuel valve actuation pressure transducer is a two-element, variable-reluctance, 
bridge-type rated at 1500 psi, manufactured by Solid State Instruments. The 
transducer uses a metal diaphragm to compress a ferrite ''U"' core when pressure is 
applied to the diaphragm. An identical ''U'' core is preloaded by the zero set adjust- 
ment and acts as a reference for the active element. The compression of the core in 
the active bridge leg changes the reluctance of the bridge circuit. Reluctance change 
produces a change in AC output which is amplified and demodulated to obtain a DC 
output signal that varies linearly with the pressure applied to the diaphragm. 


8.5.2 Failure Investigation 


Subsequent to removal from engine 803, the transducer was examined for physical 


damage. Screws holding the collar that maintains the pressure fitting in place were 
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loose, allowing movement of the pressure fitting. The electrical connector was loose 


and free to rotate in the transducer body. 


The failure investigation, performed at LMSC, consisted of the following steps with the 
indicated results: 


a. 


The transducer was subjected to pressure from 0 to 1500 psi in 200-psi 
increments. Transducer output was zero over the entire range of pressure 
applied, 
Screws holding the pressure fitting collar to the transducer body were 
tightened and the transducer was again tested in pressure increments. 
Transducer output again remained zero over the entire range. 
Resistance of the output circuit was measured at the output terminals. 
An impedance of 50 k ohms was recorded, 
Input current was measured and found to be 8 milliamperes. 
The pressure fitting and sensing element were removed from the transducer 
and inspected. The following conditions were found: 
(1) The ferrite core of the zero adjustment arm of the bridge was 
shattered. 
(2) Both spot welded flanges on the cross bar used to set the zero 
adjustment were broken. 
(3) The electrical wire to the center of the bridge circuit was 
separated from its terminal. 
The bridge circuit wire was resoldered to its terminal and pressure was 
applied in steps to 1500 psi. Transducer output remained zero over the entire 
range. 
The transducer vendor was contacted and the steps discussed above were 
analyzed as follows: 
(1) Ifthe ferrite core of the zero adjustment arm of the bridge is 
broken, the transducer output will go to full scale (approximately 
6.0 VDC) due to bridge unbalance. This was the characteristic 
observed on GATV 5002. 
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(2) The extremely high transducer output resistance readings obtained 
during the investigation indicate damage in the output circuit. 
Electrical circuit damage is considered the cause of the zero 
output during AEDC test CB-16. 

(3) The 8-milliampere current drawn by the transducer during the 
investigation tests is the nominal value for the unit. This current 
flow indicates that the amplifier/demodulator electronics were 
operating properly. 

(4) The transducer output was zero throughout all of the investigation 
tests. If the bridge circuit input to the amplifier/demodulator was 
damaged and the output circuit was working properly the output 
would be approximately 200 millivolts DC. The 200-millivolt 
output is the approximate DC offset of the output if the input to the 
amplifier/demodulator is open or damaged as described above. 
The output remained at zero which indicates damage in the output 


circuit. 
8.5.3 Conclusions 


The fuel valve actuation pressure transducer and transducer installation successfully 
demonstrated the capability to withstand the normal engine operating environment. 
The Santa Cruz Test Base testing successfully demonstrated the transducer capability 
to withstand the pyrotechnic shock environment obtained at vehicle separation. The 
fuel valve actuation pressure transducer failure was due to internal electrical circuit 
damage during the engine hard start environment of test CB-16. Nevertheless, 
structural integrity of the pressure sensing port was maintained during the Phase III 
test fuel lead hard starts which explains why the fuel valve actuation pressure and 


engine operation were not compromised. 
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Cover-weldment failure. 


Chamber-weldment 
failure. 


Fig. 8-1 Engine 805 Injector Plate 
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Fig. 8-3 Engine 805 Turbine Pump 
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Fig. 8-4 Comparison of Fuel Gas Generator Valve Nominal Opening Response 
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Section 9 
SPECIAL DEVELOPMENT TESTS 


Due to the hard-start failure at AEDC (test AB-01), additional ignition tests were 
conducted on full-scale hardware at sea level pressures, and on sub-scale hardware 
at both sea level and altitude conditions to obtain data considered necessary to 
verify that the hard-start was due to contaminated fuel. Also, to aid in determining 
or explaining why oxidizer lead starts with the XLR 81-BA-13 engine are reliable 
but fuel lead starts produce adverse dynamic environments, full-scale thrust 
chamber injector flow tests were performed. These tests and their results are 
discussed in the following paragraphs. 


9.1 FULL-SCALE IGNITION TESTS AT SEA LEVEL 


Full-scale thrust chamber ignition tests were conducted to determine the effect of 
various blends of unsymmetrical dimethyl hydrazine (UDMH), isopropyl alcohol (IPA), 
and water on the thrust chamber start transient characteristics of an XLR 81-BA-13 
engine configuration thrust chamber. The tests were conducted at the Bell Aerosys- 
tems Company rocket test facility during the period between 16 February and 

25 February 1966. The test sequence is shown in Table 9-1. 


9.1.1 Test Configuration 
A production configuration thrust chamber injector, S/N TL-23, was modified 
slightly to provide a tap for purging after firing. The injector was water-flowed 


to determine pressure drop and then mounted with a stainless steel water cooled 
unexpanded nozzle in test cell D-1. 
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A fuel valve was installed with pilot operated solenoid valve (POSV) actuation 
accomplished by an oxidizer manifold pressure switch (OMPS) set to simulate the 
engine start sequence. All tests were made with 1150 psig oxidizer supply tank 
pressure and 871 psig fuel supply tank pressure, which are the pressures required 
to simulate the engine flow rates to the thrust chamber at ignition (Figs. 9-1 and 9-2 
show photographs of the test installation). 


The fuel blends (mixtures) utilized during each test are presented in Table 9-1. 
Table 9-2 lists the instrumentation and type of recording employed during the test 


series. 
9.1.2 Test Results 


The full-scale ignition tests at sea level demonstrated that increasing the alcohol 
and water content in UDMH (fuel blends) caused ignition delays which increase with 


the increased concentrations of water, alcohol or both. 


Relative to main fuel valve open and using 25 psi chamber pressure for the ignition 
reference point, AEDC test AB-01 exhibited an additional ignition delay of approxi- 
mately 18 milliseconds compared to the six ignitions of the AA test series. The full- 
scale sea level tests at BAC showed that as the IPA and water content were increased, 
the ignition delay time increased up to 32 milliseconds when UDMH was absent from 
the blend. 


Figure 9-3 shows the delay times of the BAC sea level tests; Fig. 9-4 presents 
delay times which occurred in the altitude FWD test program. By superimposing 
the 18-millisecond delay from Fig. 9-4 on Fig. 9-3; that is, adding 0.018 to 0.061 
seconds for 100 percent UDMH, a 0.079 second ignition delay is obtained, indicating 
that the fuel blend entering the thrust chamber on test AB-01 could have contained 
approximately 40 percent UDMH. The special flush procedure used prior to 

test AB-01 was repeated shortly after the failure and results indicated that the 
blend contained approximately 14 percent UDMH. Since additional factors, such as 
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altitude are considered to affect the magnitude of ignition delay, the correlation of 
40 to 14 percent UDMH is considered reasonable, definitely indicating that the UDMH 


content was significantly low. 


Figures 9-5 and 9-6 show the detailed results of the full-scale ignition tests. 

Figure 9-5 displays the tests that had the fuel blend introduced only between the 

fuel burst disc and fuel valve seat. The data precision is quite good, providing 
confidence that relations shown are valid. However, the data in Fig. 9-6, which is 
based on the tests that had the blend introduced into the fuel feed system, shows poor 
precision compared to Fig. 9-5. The scatter in data is attributed to the uncertainty 
of the fuel blend composition initially injected into the thrust chamber during the 
ignition process. This was due to the inability to control the uniformity of the mixture 
throughout the entire fuel system up to the fuel valve as compared to controlling only 
the mixture between the fuel burst disc and the fuel valve seat for the tests on which 
Fig. 9-5 is based. 


The full-scale ignition test thrust chamber was instrumented with high response 
pressure transducers and accelerometers to monitor ignition peak pressures and 
ignition shocks as a function of the fuel blend. The test results at sea level condi- 
tions indicated no significant ignition detonations or ignition peak pressures due to 
the fuel blends. However, the sub-scale tests and the XLR 81-BA-13 engine thrust 
chamber fuel and oxidizer lead test experience at AEDC have demonstrated that 
altitude significantly affects thrust chamber peak ignition pressures and/or accelera- 
tion levels. The effect of altitude during the aforementioned tests is discussed in 
paragraph 9.2 and Section10. Altitude effect is not always predictable, as evidenced 
by results obtained during the gas generator start system test program (Section 5). 
Therefore, the nominal and "soft" ignition pressure rise rates and peak pressures 
observed during the full-scale thrust chamber ignition tests are attributed to the 

sea level pressures which existed, and which did not allow proper simulation of the 
AEDC test AB-01 altitude environment and resulting destructive pressure wave 


(reference paragraph 8,2 ). 
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9.1.3 Conclusions 


The different instrumentation installations and different ignition characteristics 

of altitude and sea level conditions prohibit a direct correlation between the absolute 
ignition delay times of the AEDC altitude test AB-01 and the sea level ignition tests 
conducted at BAC. However, the ignition delay trends observed during these tests 
are considered valid indications that the isopropyl alcohol and water contamination 
in the UDMH caused the ignition delay which resulted in failure of the thrust chamber 
during AEDC test AB-01. 


As shown in paragraph 9.2, the results of the sub-scale altitude tests provide a 

good correlation between ignition delay and the associated peak chamber pressure and 
fuel contamination. Thus, the sub-scale tests in conjunction with the full-scale 

sea level test results provide confidence in the conclusion that the AB-01 failure was 
caused by contaminated fuel. 
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Fig. 9-4 Relative Ignition Delays For Altitude Flightworthiness Tests 
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Table 9-1 
SUMMARY OF FULL-SCALE IGNITION TESTS 


BAC Test Fuel Blends (Percent) 
oo er calinw te. deen 


D1-4580* 
D1-4581 
D1-4582 
D1-4583 
D1-4584 
D1-4585 
D1-4586 
D1-4587 
D1-4588* 


Blend 
Designation 


D1-4589 5.0 «9 
D1-4590 0 19.7 
D1-4591 6 40.5 
D1-4592 43.3 4 
D1-4593 61.6 4 
D1-4594 21.8 0.3 
D1-4595 58.5 41.7 
D1-4596 od 20.9 


D1-4597 
D1-4598 


*Tests D1-4580 to D1-4588 utilized a fuel burst disc with contaminated fuel intro- 
duced between the disc and fuel valve seat only. Tests D1-4589 to D1-4598 had 
contaminated fuel in the fuel feed line; a fuel burst disc was not used for these 
tests. 


**kPc rise is defined as time when Pc reaches 25 psi; fuel valve open used as reference. 
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Table 9-2 


Oscillograph 


Fuel Flow #1 

Fuel Flow #2 

Oxidizer Flow #1 

Oxidizer Flow #2 

Thrust Chamber Pressure #1 
Thrust Chamber Pressure #2 
Fuel Manifold Pressure 
Oxidizer Manifold Pressure 
Oxidizer Valve Inlet Pressure 
Fuel Valve Inlet Pressure 
Fuel Valve Actuation Pressure 
Fuel Feed Pressure #1 

Fuel Feed Pressure #2 

Fuel Tank Pressure 

Oxidizer Tank Pressure 
Oxidizer Propellant Inlet Pressure #1 
Oxidizer Propellant Inlet Pressure #2 
Water Flowrate #1 

Water Flowrate #2 

OMPS PIP 

Fire Switch PIP 

100-Cycle Signal 


Magnetic Tape 


Axial Accelerometer 

Vertical Accelerometer 
Horizontal Accelerometer 
Chamber Pressure — Kistler 
Chamber Pressure — Low Range 
Oxidizer Manifold Pressure 
Fuel Manifold Pressure 

Thrust 

Fuel Valve Actuation Pressure 
Oxidizer Propellant Inlet Pressure 
OMPS PIP 

Fire Switch PIP 

500-cycle Signal 

100-cycle Signal 
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FULL-SCALE TEST INSTRUMENTATION AND RECORDERS 
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9.2 SUB-SCALE IGNITION TESTS AT SEA LEVEL AND ALTITUDE 


Sub-scale thrust chamber ignition tests were conducted to determine the ignition 
delay and peak pressure characteristics of the IRFNA/UDMH propellant combination 
with and without certain contaminants. The tests were performed over a varied 
range of temperatures, altitude, and propellant leads. The tests were conducted at 


the Bell Aerosystems Company rocket test facility. 


The test program consisted of three phases as shown in the following tabulation. 
A detailed test summary is presented in Table 9-3 and propellant composition is 


defined in Table 9-4. 
No. of 
Constant Parameters Tests 


. Residence time 41 


Phase Purpose Variance Parameters 


Effect of . Fuel and oxidizer 
propellant 


blends . Injector volumes 


contaminants 


Effect of low 
temperature 
with varying 
leads 


Effect of fuel 
blend C! at 
altitude with 
varying leads 


Propellant lead times 


Altitude-sea level to 


250, 000 ft. 


Propellant temperature 
Propellant lead times 


. Altitude-sea level and 


250, 000 ft. 


Propellant lead times 


9-13 


Temperature 
(+60° F) 
Total flow-rate 


. Residence time 30 


Injector volumes 
Total flow rate 


Residence time 
Injector volume 
Temperature (+60° F) 
Total flow-rate 
Blend C'! 


- Altitude 240, 000 ft. 
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9.2.1 Test Configuration 


Test cell K-2 was modified to install the 100-pound sub-scale thrust chamber 
assembly. The thrust chamber injector consisted of three sets of triplet injector 
orifices similar to the multiple sets used on the XLR 81-BA-13 engine thrust 
chamber injector. The orifices were sized to properly simulate the total flow rate to 
throat area ratio. Figure 9-7 shows a photograph of the triplet design in which two 
fuel orifices inject on one larger oxidizer orifice. The length of the chamber was 
scaled to simulate the residence time of the large chamber, simulating the time 

for the injected propellants to travel from the injector face, ignite, and for the 
combustion products to travel to the thrust chamber throat. Tabulated below are 
some of the significant details of the sub-scale hardware configuration required 


to give the best possible residence time simulation for the contaminated fuel tests: 


Volume of thrust chamber to throat exit 50.92 cubic inches 
Volume of oxidizer injector back to valve seat 0.234 cubic inches 
Volume of fuel injector back to valve seat 0.258 cubic inches 
Internal diameter of thrust chamber barrel 2.25 inches 
Diameter of thrust chamber throat 0.5347 inches 
Diameter of fuel injector orifices 0.040 inches 
Diameter of oxidizer injector orifices 0. 067 inches 
Length of chamber from injector face to throat 13.77 inches 
Rated steady state oxidizer flow-rate 0.504 lbs/sec 
Rated steady state fuel flow-rate 0.180 lbs/sec 
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Figure 9-8 shows a schematic of the overall test installation. A list of instrumentation 


and types of recorders used in the sub-scale tests is shown in Table 9-5. 
9.2.2 Test Results 


The sub-scale test results are discussed in the following paragraphs covering the 
significant ignition characteristics observed during the subscale testing. The 
principal topics are (1) sub-scale simulation of test AB-01, (2) comparison to 
gas generator test results, (3) peak pressures vs. altitude, mixture ratio, and 
temperature, (4) ignition delay and peak pressure correlation, (5) correlation of 


fuel lead double ignition and ignition shocks, and (6) effect of water in IRFNA. 


For purposes of the discussion, normal propellant hypergolic reaction time from 
initial mixing of the two propellants until ignition occurs is defined as "ignition 
delay’. An increase in these normal reaction times is defined as an "increased 


ignition delay". 


Subscale Simulation TestAB-01. Table 9-6 and Fig. 9-9 show results of the sub- 
scale contaminated propellant tests. Peak ignition chamber pressures are plotted 

as a function of fuel composition in Fig. 9-9. Isoproponol causes ignition delay and 
increased peak ignition pressure, while water delays the ignition but reduces the peak 
ignition pressure. Fuel blend C' resulted in a peak pressure ratio of 2.31 which 
reflected the highest chamber pressure achieved, with the exception of pure isopro- 
ponol. Based on the results of the repeated special engine flush procedure, fuel 
blend C' was the most likely blend in the fuel valve which entered the thrust chamber 
during test AB-01 ignition process. Applying the sub-scale test results and the full- 
scale thrust chamber sea level results directly, a peak chamber pressure of approx- 
imately 1150 psia would have been predicted during test AB-01. This pressure is 
not sufficient to fail the XLR 81-BA-13 engine chamber, and implies that correction 
factors are required in order to use the BAC ignition test data quantitatively. 
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The correction factors would compensate for important variables and influencing 
conditions which affect the peak pressure, such as propellant density, mixture 
ratio, mixing in the chamber at ignition, ignition mechanism, and possible effects 
of chamber characteristic length (L*) and injection flow pattern. Derivation of a 
realistic correction factor to compensate for these effects is not presently feasible. 
This is due to the limited information available against which to compare the condi- 
tions within the chambers at ignition, and because only limited test data exists 
which defines the effects of each significant variable for the XLR 81-BA-13 engine 
configuration. 


The post test AB-01 engine structural failure analysis (Section 8) showed that the 
cause of failure was the result of a longitudinal pressure wave rather than a homo- 
genous peak pressure within the chamber. Although the instrumentation system 
response and location of the chamber pressure boss on the sub-scale ignition tests 
were satisfactory for most purposes, it appears they were not capable of recording 

a longitudinal pressure wave. However, the longitudinal accelerometer implemented 
during the last phase of testing did indicate shock levels in excess of 1000 g's at 
ignition for the C' blend. Based on all applicable full-scale and subscale test results, 
strong evidence exists which supports the conclusion that the test AB-01 hard start 


was caused by contaminated fuel. 


Comparison to Gas Generator Ignition Test Results. The ignition peak pressures 


recorded on the sub-scale tests did demonstrate significant differences compared 

to the ignition characteristics observed during the gas generator ignition tests. 
Figure 9-10 is a typical trace from the sub-scale tests. This figure illustrates the 
characteristic sharp initial rise to peak chamber pressure in less than one milli- 
second with the duration of the peak in the order of 100 microseconds. Figure 9-11 
data from the gas generator test program shows typical sea level and altitude traces 
of turbine manifold pressure which closely follows the gas generator chamber pres- 
sure trace. Figure 9-11 illustrates the much slower chamber pressure rise rate of 
90 milliseconds compared to one millisecond for the sub-scale tests, and a peak 
duration (at a much lower peak pressure) of 40 milliseconds compared to 100 micro 


seconds for the sub-scale tests. The sub-scale test chamber pressure rise rates 
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and peaks indicate that a specific amount of mixed propellant accumulates (added 
ignition delay) in the chamber prior to "liquid ignition, while the gas generator test 
pressure rise rates and peaks indicate gradually increasing combustion activity. 
Associated with the faster pressure rise rates and higher peaks on the sub-scale 
tests are much higher peaks noted on the accelerometer traces compared to the gas 
generator tests. Peak accelerometer readings of over 1000 g's were not uncommon 
on the sub-scale tests, while the gas generator tests did not exceed 50 g's. Since 
both test programs explored fuel leads, simultaneous injection, and oxidizer leads 
with the same propellants at similar altitudes, it is concluded that the hardware 
configuration and propellant injection characteristics significantly affected the ignition 
characteristics. The significant differences between the gas generator and sub- 

scale chambers include chamber characteristic length (L*), injector manifold volumes 
and associated filling characteristics, injector design (impingement pattern and 
orifice sizes), propellant residence time, and propellant density and mixture ratio of 


the propellants at ignition. 


Peak Pressures Vs. Altitude, Mixture Ratio, and Temperature. Peak pressure 


ratios for various altitudes, mixture ratios, and propellant temperatures are plotted 
in Fig. 9-12. In general, the peak pressures appear to increase significantly as 
altitude increases from sea level to greater than 240,000 feet; peak pressure increases 
by a much lesser extent, as the temperature is decreased from 60°F down to -10°F. 


Theoretical detonation pressures at various mixture ratios of IRFNA and UDMH are 
plotted in Fig. 9-13. This curve, which shows that the highest detonation pressures 
occur at or near the stoichiometric mixture ratio of 2.1, was used to fair in the 
curves on Fig. 9-12 near the stoichiometric ratio, where minimal test data at altitude 
was obtained. For the XLR 81-BA-13 engine configuration with a design operating 
thrust chamber mixture ratio of 2.8, a fuel lead into the thrust chamber produces 

a mixture in the combustion chamber at ignition which is closer to stoichiometric 
ratio than does an oxidizer lead, which yields an extremely lean mixture during 

the initial part of the ignition transient. 
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Ignition Delay and Peak Pressure Correlation. Figure 9-14 shows that over the 
range of altitudes, temperatures, and propellant leads tested, ignition delays of 

4 to 13 milliseconds were obtained. Based on averaging the data in Table 9-7 and 
holding other variables constant (where possible), a slight increase in ignition delay 


with increasing altitude is indicated as follows: 


Altitude Ignition Delay Oxidizer Lead Ignition Delay Fuel Lead 
Sea level 5 milliseconds sas 

80, 000 ft. 6 milliseconds — 
240, 000 ft. 7 milliseconds 8 milliseconds 


There is some data scatter and most variables were not truly fixed, therefore, 


the confidence in the above trend is not high. 


Results of analysis on correlation of peak pressures and ignition delay times with 
propellant temperature and propellant lead are discussed as follows. Ignition peak 
pressures obtained at altitude conditions were plotted against propellant leads and 
various temperatures, and the results are shown in Fig. 9-15. This plot indicates 
that peak pressures increase with decreasing propellant lead over the range of 


temperatures shown. 


Ignition delay is plotted against propellant lead and temperature in Fig. 9-16. The 
curves generally indicate that at constant temperature, an increase in ignition delay 
occurs with decreasing oxidizer lead, but is relatively unaffected over the range of 
fuel leads tested. Also, at essentially constant oxidizer lead, the ignition delay 


increases with decreasing temperatures. 


Combining the above results, Fig. 9-14 can be further interpreted as follows to 


determine if peak pressures and ignition delay are related: 


a. Fora fuel lead at altitude (the only condition tested with fuel leads) the peak 
pressure rise and ignition delay increases as a function of decreasing propel- 
lant temperature. Decreasing fuel lead causes increased peak pressure 


rises and ignition delay primarily at low temperatures as evidenced in 
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Fig. 9-15. A minimal effect of fuel lead on peak pressures and ignition 
delay was observed at 60°F temperature. There is no data from XLR 
81-BA-13 engine altitude tests against which varying temperature effects 
can be compared, since lower temperature fuel lead tests were not conducted 
at AEDC. Also, a comparison cannot be made between peak pressures or 
ignition delay and altitude because sub-scale fuel lead tests were not con- 
ducted at sea level or 80,000 feet simulated altitude. 

b. For an oxidizer lead, ignition delay increases occur due to decreasing 
oxidizer leads, decreased temperatures, and probably increased altitude. 
Peak pressures appear to vary similarly, indicating a direct relation to 
ignition delay in the case of an oxidizer lead. These conclusions general- 
ly agree with those of the XLR 81-BA-13 engine tests where accelerometer- 
measured ignition shocks, which are considered satisfactory indicators 
of pressure rise rates, increase as temperatures decrease to +10°F and 
below. The instrumentation system accuracy and sensitivity and the 
XLR 81-BA-13 engine oxidizer lead injection characteristics (paragraph 9. 3) 
prohibit an accurate evaluation of altitude effects on ignition delay from the 
engine test results. Oxidizer leads for the XLR 81-BA-13 engine did vary 
between 7 and 15 pounds at AEDC, but there is no indication of any change 
from nominal ignition shock levels as a function of oxidizer leads over this 
range. Based on the accelerometer data in Table 9-6 and on the discussion 
in the following paragraph it is possible that XLR 81-BA-13 engine ignition 
shock levels and peak pressures would increase significantly with oxidizer 
leads below 1 or 2 pounds. 


Correlation of Fuel Lead Double Ignition and Ignition Shocks. A typical two-pulse 


start for fuel lead and near simultaneous injection sub-scale tests is shown in 
Fig. 9-10. The two-pulse characteristic is similar to that observed in the fuel 
lead tests during the altitude flightworthiness program at AEDC. 
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The sub-scale data indicates that with a fuel lead, the initial combustion process 

occurs at a more accelerated rate than for an oxidizer lead (during the first pulse), 
causing higher initial peak pressures. The initial propellant reaction then momen- 
tarily affects the combustion process and/or propellant injection flow which in turn 
produces a subsequent chamber pressure decay to below the steady state value and 


the second pulse then follows. 


Acceleration data shown in Table 9-6 does not provide a complete spectrum of 
information since accelerometers were implemented for only the last series of 

tests. However, a significant difference exists between the low values (290 g's 
maximum) obtained at sea level to 190, 000 feet altitude for an oxidizer lead, compared 
with the fuel leads and a near simultaneous injection oxidizer leads at greater than 
220,000 feet where peak values near 2500 g's were recorded. This indicates that 

a significant altitude affect exists at 60°F with small oxidizer leads. Although sub- 
scale ignition fuel lead tests with accelerometer instrumentation were not conducted 
at sea level for comparison, the altitude test results do show significantly high shock 
levels. Comparable high shocks have never been observed during XLR 81-BA-13 sea 
level fuel lead tests conducted at BAC. 


Effect of Water In IRFNA. The water content in the oxidizer was increased from 

its normal value of approximately 2.0 percent up to 15 percent by weight, as shown 

in Table 9-4. Tests over this range of water content were conducted at 80, 000 feet 
with specification grade fuel. Most measured parameters showed no change; however, 
lower peak chamber pressures at ignition were obtained relative to those observed 

in other tests using specification grade oxidizer and fuel. This supports conclusions 
that water tends to cause lower peak ignition pressures. As discussed earlier, 

lower peak pressures were measured when the water content in the fuel was increased 


during the contaminated fuel simulation tests. 
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8.2.3 Conclusions 


The above results and general correlations are based on an analysis of limited data. 
The sub-scale tests were not established to completely research the ignition charac- 
teristics of the Agena engine. After the contaminated fuel series were run, some 
additional tests were conducted to determine, if possible, preliminary trends of the 
primary combustion parameters as the main operating variables were changed. With 
the schedule limitations imposed and available hardware limited, the primary param- 
eter scaled was the propellant residence time. Theoretically, the test data applies 
only to the propellant residence time effects and associated factors; however, the data 
was analyzed to establish as many of the desired trends as possible. Within the data, 
instrumentation, and analytical capabilities presently available and without correcting 
for conditions introduced by the test configurations and environment, the general 
correlations discussed above have been made. Although limited, it is believed that 


these correlations are adequate to: 


a. Support, with confidence, the conclusion that the AB-01 hard start was 
caused by contaminated fuel. 

b. Provide information usable in analysis of the differences between fuel 
and oxidizer lead start transients obtained at AEDC and in flight. 

c. Indicate that sub-scale testing can be a valuable tool in design and testing 
leading to full-scale thrust chamber and gas generator development, and 
in understanding ignition mechanisms in existing designs. 

d. Provide backup information which supplements conclusions drawn from 
the AEDC tests and GATV 5002 post flight analysis. 


In relation to items b. andc., it is recommended that additional sub-scale tests 

be conducted to allow the fuel lead hard start mechanism to be determined. Such 
testing should include tests to derive certain data not obtained during the residence 
time scaling, and particularly to derive correlations on the other primary parameters 


such as chamber L* and injection pattern. 
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Fig. 9-7 Sub-Scale Chamber Injector 
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Fig. 9-9 Fuel Blend Effect on Ignition Peak Chamber Pressure 
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TIME FROM OGGSV INITIAL OPEN (SEC) 
Fig. 9-11 Typical Start Transients For Gas Generator Turbine Manifold Pressure 
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Fig. 9-14 Ignition Delay Time vs. Ignition Peak Chamber Pressure Ratio 
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Table 9-4 
SUB-SCALE TEST FUEL AND OXIDIZER BLENDS 


FUEL 
Percent UDMH | Percent IPA Percent Hy O 


OXIDIZER 
Percent IRFNA Percent H 20 
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Table 9-5 
SUB-SCALE TEST INSTRUMENTATION 


Oxidizer Tank Pressure 
Fuel Tank Pressure 

Ox Venturi Inlet Pressure 
Ox Venturi Outlet Pressure 
Fuel Venturi Inlet Press. 
Fuel Venturi Outlet Press. 
Altitude Duct Pressure 
Oxidizer Flow Rate 

Fuel Flow Rate 


Oxidizer Line Temp. 


Fuel Line Temp. 


Ox Manifold Pressure 
Fuel Manifold Pressure 
Propellant Fire Switch PIP 
Chamber Pressure 
Chamber Pressure 
Chamber Pressure 
Ignition Light Flash 

Axial Accelerometer 
Vertical Accelerometer 
Horizontal Accelerometer 
Ox Valve Switch PIP 

Fuel Valve Switch PIP 


Accelerometers installed for last series of tests (test 57 and subsequent) 


*Kistler (601A) 
**Kistler (614A) 


er FPF PF KF KY BP SD YFP BFP YP BP eB ON Oe Oe oe eS oe oe op 


0 to 1000 psia 

0 to 1000 psia 

0 to 1000 psia 

0 to 1000 psia 

0 to 1000 psia 

0 to 1000 psia 

0 to 25 psia 

0.22 to 0.70 lbs/sec 
0.13 to 0.70 lbs/sec 
-60 to +150°F 

-60 to +150°F 

0 to 3000 psia* 

0 to 3000 psia* 


0 to 1000 psia** 

0 to 50 psia** 

0 to 1000 psia (Taber) 
Photo Diode (TP-50) 
-2000 to +2,000 g 
-2000 to +2000 g 
-2000 to +2000 g 
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9.3 THRUST CHAMBER INJECTOR FLOW TESTS 


During AEDC tests, reliable ignition was obtained with the oxidizer lead. Although 
the available instrumentation allowed for accurate definition of start transient 
characteristics, limited capability existed to define the key factors and/or mechanisms 
responsible for reliable ignition with an oxidizer lead, and for unreliable ignition with 
a fuel lead. It is known that many factors contribute to ignition reliability, including 
injector pattern, chamber geometry, chamber L*, and residence time. Although 
program requirements did not permit a detailed series of parametric and scaling 
tests to be conducted, some sub-scale and full-scale testing was accomplished as 
discussed previously, to provide conclusive evidence that the contaminated fuel 

was the cause of the test AB-01 failure at AEDC. These tests included residence 
time evaluation which provided good data regarding effects of contaminated fuel, — 

but which did not aid significantly in trying to determine why the XLR 81-BA-13 
engine thrust chamber ignites reliably with an oxidizer lead and not with a fuel lead. 
Therefore, rather than conducting additional sub-scale ignition tests for this purpose, 
full-scale injector flow tests were performed to evaluate the effects, if any, the 
oxidizer and fuel injectors, manifolds and upstream cavities have on ignition 
reliability of the Agena engine. These tests were designed to allow evaluation of 

and determine the injector flow pattern characteristics during engine start transient. 
They were conducted at Bell Aerosystems Company using a production configuration 
injector flowing to ambient sea level environment. The injection pattern and sequence 


was recorded with high speed (Fastax) motion picture photography. 
9.3.1 Fuel Injection Tests 


The thrust chamber fuel injection tests were conducted in the horizontal attitude using 
water as the test fluid to simulate the fuel flow. The significant results of the fuel 
injection tests demonstrated initial fluid injection at the four center fuel orifices 

of the injector (Fig. 9-17). Injection through the remaining fuel orifices occurred 
nearly simultaneously subsequent to filling the fuel manifold between the fuel valve 
and the injector face approximately 50 milliseconds after initial injection through the 


four center fuel orifices. 
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9.3.2 Oxidizer Injection Tests 


The initial oxidizer injector test results were not satisfactory due to the effects of 
gravity and the feed line manifold configuration. Consequently, the tests were 
repeated with the injector welded to a thrust chamber, including the nozzle, to simu- 
late the true feed system configuration. The injector was oriented facing away from 
the thrust chamber (reversed) to facilitate photographic coverage and the tests were 
conducted in the vertical attitude, injector facing down, to minimize the gravity 
effects. The initial tests in this configuration were conducted utilizing the actual 
propellant, IRFNA, as the test fluid with photographic coverage looking directly at 
the injector face via a mirror to preclude acid damage to the camera. Two tests 
were conducted to evaluate the injection pattern with and without an oxidizer burst 
disc in the feed system anda thrust chamber clean and purge operation between the 
tests. The significant results indicated a more simultaneous injection pattern than 
observed with the fuel system; however, a generally concave hemispheroidal injec- 
tion pattern was observed with initial low velocity oxidizer injection at the perimeter 
of the injector. During the thrust chamber oxidizer cooling passage fill period prior 
to liquid injection, a vapor formation occurred downstream of the injector face. The 
vapor partially obscured the injector and an accurate time correlation between 
initial fluid injection and full flow could not be established. Consequently, to obtain 
this time correlation the oxidizer injection tests were repeated with the camera 
viewing the injector directly at an appropriate angle to the face of the injector. These 
tests indicated injector full flow was achieved approximately 15 milliseconds 

after initial liquid injection at the periphery. The vapor cloud formation was elimi- 
nated on these repeat tests by allowing the thrust chamber to cool to ambient temper- 
ature after the hot nitrogen gas purge. Time sequence photographs of the fuel and 
oxidizer injection transient flow characteristics will be presented in the BAC final 


report, and will show the significant injection characteristics discussed above. 
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9.3.3 Summary 


The initial injection from the four fuel orifices would tend to indicate that the engine 
has a "built in" pre-igniter with an oxidizer lead start sequence. Engine sea level 
and high temperature altitude test results generally support this theory as indicated 
by the thrust chamber pressure rise approximately 10 to 15 milliseconds after the 
main fuel valve opens, prior to complete filling of the fuel injector manifold. The 
initial chamber pressure rise observed during the low temperature altitude tests 

was not as significant, due possibly to reduced pre-ignitor effectiveness and/or 
inadequate instrumentation sensitivity. It was also noted that ignition shock level 
tended to increase as the hardware and propellant temperatures were decreased. The 
four-orifice fuel flow characteristic represents approximately two percent of the total 
fuel flow rate. Initiating thrust chamber combustion with this relatively low fuel rate 
will provide thrust chamber pressure and temperatures which yield more optimum 
ignition conditions for the subsequent full fuel injection. Consequently, the improved 
ignition conditions, reducing the ignition reaction time, will tend to minimize accumu- 


lation of mixed fuel and oxidizer prior to full ignition. 


The oxidizer initial injection pattern is essentially symmetrical; however, it does not 
provide uniform simultaneous injection at all orifices. It also appears that the 
oxidizer pattern does not produce the equivalent of a preignition characteristic for a 
fuel lead start that the fuel injector does for an oxidizer lead start. It should be 
emphasized that for the oxidizer lead engine design there are no adverse effects on 
ignition due to the initial nonsimultaneous injection of the oxidizer. This is because by 
the time lagging fuel is injected, full uniform oxidizer flow and thermal and dynamic 
equilibrium have been established with the 6 to 8 pounds oxidizer lead. 


9.3.4 Conclusions 
The injector flow tests have provided valuable information for use in evaluating and 


comparing the engine ignition characteristics, and limited hypothesis have been 


proposed which correlates with some of the available data. However, limited 
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quantity and sensitivity of the instrumentation used during full-scale ignition tests 

do not allow a conclusive correlation to be established between the observed injection 
patterns and the thrust chamber ignition process for either the fuel or oxidizer lead 
propellant flow sequence. Also, the injector flow tests were conducted at sea level 
pressures which are above the vapor pressure of both propellants. Consequently, 
the injector test results do not include the effects of vaporization, if any, on the 
injection flow pattern during initial propellant injection at thrust chamber pressures 
below the respective propellant vapor pressures. Depending on the thrust chamber 
vapor pressure established at altitude conditions by the leading propellant, the test 
results obtained from all applicable Sure Fire tests on the lagging propellant may 
apply and correlate directly. However, additional altitude tests to determine chamber 
pressure conditions at injection over the range of engine operating temperature 

must be conducted before high confidence in the correlation postulated above can be 
established. 


Based on an evaluation of the available design and test information for the XLR 
81-BA-13 engine, and on the injector flow test results, the initial injection from the 
four fuel orifices is considered to provide a beneficial effect during the ignition 
process with an oxidizer lead. However, sufficient data is not available to confirm 
this postulate with high confidence, or to describe the effect quantitatively. The 
results from these tests have been integrated into the discussion of the fuel and 


oxidizer leads comparison (Section 10). 
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Fig. 9-17 XLR 81-BA-13 Thrust Chamber Injector 
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Section 10 
COMPARISON OF FUEL AND OXIDIZER LEADS 


10.1 INTRODUCTION 


This section includes a comparative evaluation of fuel and oxidizer lead start 


sequences, and provides estimates of the most important factors which may cause 


a fuel lead hard start. To accomplish this objective, results of engine fuel lead tests 


are discussed to provide a proper background of the Agena engine fuel lead history 
and a comparison is made of AEDC Phase III test CB-16 data vs. Vehicle 5002 data. 


The significant dependent parameters obtained during Project Sure Fire testing, such 


as chamber pressure, thrust loads, and accelerations are summarized to provide an 
understanding of the significant characteristics observed during the fuel and oxidizer 


lead tests performed with the XLR 81-BA-13 engine (full-scale) thrust chamber, the 


100-pound sub-scale chamber, and the XLR 81-BA-13 engine gas generator. Typical 


ignition characteristics for an oxidizer and fuel lead in the XLR 81-BA-13 thrust 

chamber are plotted in terms of combustion chamber pressure, and are compared 
against a classical ignition characteristic obtained from the literature. Significant 
events and characteristics that occur during the injection, preignition, and ignition 


phases of the ignition process are defined and compared. 


Independent design and test variables are listed and their influence on the dependent 
ignition characteristics in the full-scale XLR 81-BA-13 engine thrust chamber, sub- 
scale thrust unit, and gas generator assembly is estimated. A determination of a 


possible mechanism which could cause a fuel lead hard start is also made. 
10.2 SUMMARY OF ENGINE FUEL LEAD TESTS 


The XLR 81-BA-13 engine fuel lead start sequence has been tested at sea level, 
120,000 feet simulated altitude, 415,000 feet simulated altitude, and at GATV 5002 


flight conditions. Results of sea level tests conducted during the original development 
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and production programs did not indicate that any adverse ignition conditions, such as 
engine high peak pressures or high ignition shock levels existed. The sea level test 
results appeared to be equivalent to the oxidizer lead test results for similar test con- 
ditions. Sea level environment apparently reduces the ignition delay by providing an 
initial high preignition chamber pressure (inert atmospheric nitrogen) and an oxidizer 
(molecular oxygen) which could aid in producing soft ignition by taking part in the 
preignition reactions. The fuel lead tests at 120,000 feet simulated altitude were 
also conducted during the original XLR 81-BA-13 engine development program. The 
pressure at this altitude (approximately 0.1 psia) is above the triple point pressure of 
both propellants; however it might be expected that the beneficial effects derived from 
the sea level environment would be reduced, and that an increase in peak chamber 
pressures and ignition shocks might have occurred. Unfortunately, any adverse ef- 
fects at this altitude could not be detected because accelerometer data was not ac- 
quired and the sensitivity of available instrumentation was not adequate to determine 
peak ignition pressures and shock levels. It is also possible that the combination of 
test altitudes, temperatures, and low fuel preflow values (paragraph 9.3) could have 
resulted in reliable ignition with no significant increase in ignition peak pressure and 


shock levels. 


The two fuel lead tests (CB-15 and CB-16) conducted at a simulated altitude of 
415,000 feet during Project Sure Fire produced hard starts. Although the fuel lead 
tests were conducted under conditions similar to several oxidizer lead tests, a signif- 
icant difference in the ignition characteristics was observed, including a two-pulse 
chamber pressure rise similar to the sub-scale thrust chamber ignition tests (para- 
graph 9.2 and Figs. 7-16 and 9-10). The second fuel lead test produced the most 
adverse ignition shock levels and hardware damage resulted. Motion picture coverage 
of this test showed that an initial reaction occurred in the forward section of the 
nozzle extension, yielding energy sufficient to fracture the longitudinal stringers of 
the extension. The post-test inspection of the broken stringer pattern indicated that 
an unsymmetrical pressure distribution existed in the nozzle extension during the 
initial reaction period. Based on subsequent structural analysis it is concluded that 
the unsymmetrical pressure in the extension caused the initial oxidizer feed line 


rupture (Fig. 7-9). The feed line rupture subsequently progressed circumferentially 
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around the oxidizer line due to pressure and vibration loads which occurred while the 
thrust chamber continued to operate at significantly off-rated conditions. Nozzle 
extension pressure loading records showed that a reaction occurred downstream of 

the thrust chamber throat at about the time of the first pressure pulse. Based on the 
foregoing fact, on the oxidizer injector test results, and on the chamber pressures 
plotted in Fig. 7-16, a significantly long ignition delay (approximately 25 milliseconds) 
occurred relative to an oxidizer lead ignition delay (approximately 6 milliseconds). 

The long ignition delay was approximately equal to the propellant residence time in 

the chamber. This long delay allowed the propellant density in the chamber to increase 
significantly, and produce a mixture ratio at ignition that could have been close to the 
stoichiometric value. Also, the oxidizer probably traveled past the throat and into the 
nozzle, producing a reactable mixture with the fuel. A review of the first fuel lead 
test (CB-15) indicates that a long ignition delay was also experienced. However, it is 
estimated that this delay was slightly less than for test CB-16, resulting in less propel- 
lant accumulation and a lower energy reaction in the combustion chamber. In test 
CB-15, the oxidizer may never have reached the nozzle extension or may have just 
reached the divergent section when ignition occurred, thus, either partly or completely 


accounting for the lower shock and thrust loading observed. 


Reevaluation of Vehicle 5002 data indicated that the behavior of the major propulsion 
parameters during this flight and those obtained during the two simulated altitude 
fuel lead tests were similar. The vehicle aft rack temperatures shown in Fig. 10-1 
correlate with the oxidizer line break and flow spray pattern obtained in test CB-16. 
Specifically, measurement A153, located almost directly forward of the line break in 
the same quadrant, is the only monitor that did not decrease at the time of the flight 
failure. The direction of the spray observed during test CB-16 was in the aft direc- 
tion in this quadrant, as well as circumferential around the thrust chamber into the 
other three quadrants. Therefore, this oxidizer spray pattern would correlate with 
very little liquid sprayed on measurement A-153 temperature monitor. Reexamina- 
tion of Vehicle 5002 pressure data indicates that the ignition delay in flight essentially 
equaled the propellant residence time in the thrust chamber. It is concluded that the 
GATV 5002 flight failure was the result of a fuel lead hard start which damaged the 
engine in a manner similar to that observed during Project Sure Fire altitude test 


CB-16. 
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Fig. 10-1 Aft Rack Flight Temperatures — Vehicle 5002 


10.3 COMPARISON OF MEASURED (OBSERVED) DEPENDENT PARAMETERS 


Typical test results for the XLR 81-BA-13 thrust chamber during ignition are 
summarized in Table 10-1, showing significant parameters for the fuel lead and oxidizer 
lead start sequences at sea level and simulated altitude test conditions. The parameters 
selected for comparison are the low range and high range chamber pressures, strain 
gage or thrust loads, and accelerations. The values presented are those observed di- 
rectly, recorded, derived or calculated from recorded data. The response rate of the 
instrumentation used during the tests was such that values for peak chamber pressure 
and chamber pressure rise rate may be greater than the recorded value. In some cases, 
instrumentation sensitivity limited accurate determination of very low values of pre- 
ignition chamber pressure (< 2 psia) and ignition delay (<5 ms). The determination of 
ignition delay, which is defined as the time from initial liquid injection of both propel- 


lants to ignition (sharp chamber pressure rise), required accurate propellant flow data 
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to define the time of propellant injection and high response chamber pressure data and 


thus define the time of ignition. Such data were not simultaneously available during 


certain tests. 


The low range chamber pressure data showed a preignition pressure rise above the 
propellant vapor pressures as shown in Table 10-1. The atmospheric pressure at sea 
level test conditions is above the propellant vapor pressure, however, the test results 
(primarily for an oxidizer lead start sequence) showed an additional preignition pressure 
rise. The sea level fuel lead start sequence data showed a gradually increasing cham- 
ber pressure rise rate with no evidence of ignition delay or differentiation between pre- 
ignition and ignition pressure rise periods. As discussed in paragraph 10.4 a start 
sequence at altitude conditions, (where ambient pressure is below the propellant triple 
point pressures) requires the proper chamber pressure and temperature to initiate the 
combustion process. Internal chamber temperatures were not measured during engine 
level or subscale tests. Therefore the chamber pressure serves as an indirect quali- 
tative indicator of the temperature in the chamber during the ignition process. The 
primary source of the proper initial pressure and temperature is vaporization of 

the leading propellant. This propellant vaporization pressure rise was observed during 
the +100°F oxidizer lead start sequence; however, the instrumentation sensitivity was 
not adequate to detect the vapor pressures at the lower test temperatures. The altitude 
test results at lower temperatures (+10°F) did indicate a lower initial pressure rise 
rate than the nominal temperature (+50°F) test data and a greater pressure rise rate 
during the final 14 milliseconds of the preignition period as indicated in Table 10-1. 

It should be emphasized that, without a temperature measurement, a pressure rise 
indicates but does not prove that the temperature has also increased. 


The accelerometer data presented in Table 10-1 provides a comparison of the fuel and 
oxidizer lead start sequence ignition peak longitudinal shock levels. It is seen that 
ignition shocks occur with fuel leads at altitude that are roughly an order of magni- 
tude higher than those for an oxidizer lead test. Fuel valve activation pressure data 
(FVAP) has been used to supplement the accelerometer data. During the fuel lead 


altitude test CB-16, a pressure surge coincident with the initial chamber pressure 
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and accelerometer peak values was recorded by this fuel valve measurement. The 
calculated acceleration level required at the fuel valve to produce the observed FVAP 
peak is approximately 1800 g's compared with 828 g's recorded at the thrust lug of 
the thrust chamber. 


The thrust and chamber pressure maximum rise rates presented in Table 10-1 are 
approximate values due to the aforementioned instrumentation response limitations; 
however, the values presented are considered valid for comparison purposes, showing 
the relative rates observed for the specified test conditions. Again, a significant pres- 
sure rise rate increase is noted for the fuel lead altitude test. Strain gage or lead cell 
data was not acquired during the sub-scale thrust chamber and gas generator testing. 
However, a review of the sub-scale and gas generator test data was performed to de- 
termine the correlation with the XLR 81-BA-13 engine test results presented in 

Table 10-1. The significant differences between results of these tests and those for 
the XLR 81-BA-13 thrust chamber are presented in the following discussion, prior to 
discussing the possible fuel lead hard start mechanism. 


The gas generator chamber pressure, as shown in Fig. 9-11, indicated a relatively 
long gradual preignition pressure rise to a value higher than observed during the full- 


scale thrust chamber tests. The gas generator chamber pressure rise rate after igni- 


tion was significantly less than that for the engine fuel and oxidizer lead start sequences. 


The gas generator peak chamber pressure ratio was greater than 1.0, except at simul- 
taneous propellant injection when this ratio was approximately 1.0. Gas generator 
injector flow tests were not performed, hence, the propellant injection flow character- 
istics, sequence, and times have not been measured and accurate values thereof are 
not available. Therefore, the evaluation and comparison of results are based on cal- 
culated manifold fill times which were used to then allow estimations of the time of 
liquid injection, propellant lead, and ignition delay. Results show that gas generator 
ignition occurs prior to calculated manifold fill time, indicating the possibility of 
staggered liquid injection flow sequencing rather than a simultaneous injection of pro- 
pellant from all injector orifices. Accordingly, an accurate assessment of the gas 
generator ignition delay is not feasible until the injector flow sequence and character- 
istics can be defined. This can be accomplished by conducting injector flow tests 
through both oxidizer and fuel manifolds and injectors. 
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The gas generator test accelerometer data (Fig. 5-19) showed acceleration levels 


ee Oe Se 


significantly lower than the engine fuel lead test results and slightly lower then the 
engine oxidizer lead results. A portion of this difference may be attributed to the 
installation differences; however, the significantly lower levels recorded for the sim- 


ulated altitude fuel lead comparisons are considered valid indications of significantly 


a 


lower ignition shocks and probably reaction rates during the gas generator ignition 


process. 


The sub-scale thrust chamber pressure instrumentation response rate was higher than 
that for the full-scale tests. Peak pressures were recorded as shown in Fig. 9-10, 
yielding peak pressure ratios greater than 1.0 near the stoichiometric mixture ratio 

as shown in Fig. 9-12. An accurate evaluation of the preignition pressure rise was 

not possible for the sub-scale tests. Nevertheless, measurement did indicate that the 
long preignition chamber pressure rise period of approximately 40 milliseconds observed 
during the eingine oxidizer lead start sequence did not exist during the sub-scale start 
transient. An ignition delay of approximately 6 milliseconds was observed during the 
sub-scale thrust chamber fuel lead and oxidizer lead start sequences at simulated 
altitude. This value is comparable to the oxidizer lead ignition delay of the full-scale 
engine but significantly less than the engine fuel lead ignition delay of approximately 

25 milliseconds. ‘The sub-scale chamber pressure data showed higher rise rates for 
the fuel lead start, similar to the results obtained from the eingine tests. The sub-scale 
accelerometer data (Table 9-7) also showed altitude ignition shock levels an order 

of magnitude greater for a fuel lead start (2800 g's) and near-simultaneous propellant 
injection © 2500 g's) compared to the oxidizer lead tests at simulated altitudes less 

than 200,000 feet. Accelerometer data was not obtained except during one high 

altitude (>200,000 feet) oxidizer lead test; therefore, a direct correlation with the 

fuel lead ignition shocks cannot be made. However, when oxidizer leads were increased 
to 0.13 seconds, the chamber pressure rise rates decreased to a value of approximately 
28,000 psi/second. This rise rate is an order of magnitude less than the average 

rise rates of approximately 240, 000 psi/second recorded during the fuel lead tests, 

for which an average peak acceleration level of 2200 g's was obtained. This correlation 
between chamber pressure rise rates for the fuel and oxidizer lead tests is similar 


to that shown in Table 10-1 for the XLR 81-BA-13 thrust chamber, and is considered 
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reliable indication of the relative ignition shock levels for the sub-scale tests. 

However, additional high altitude sub-scale tests with oxidizer leads and accelerom- 
eter measurements are required for confirmation. The one oxidizer lead (0.05 seconds) 
test at 225,000 feet simulated altitude with accelerometer data produced a maximum 


peak ignition shock of 526 g's. 


10-8 


LOCKHEED MISSILES & SPACE COMPANY 


ea ta ay aay ge a ane any le ee eg ee ca ae Plan 


LMSC -A 818110 


LT 8 9L-Va 


(1-2 81981) 
9¢ 


(etsd 0zp) 
€8 ‘0 


MSS = 


“uoT}{UsT 07 1oTad su 09z AToyeuTxoIdde poyeyyTUT (eIsd g 03 G) oAnssoad 1JodeA 1OZIprxo Jo on{BA 0} OST1 ornsseid qequeyp (8) 
‘omsseid Jequivyo visd gop 38 S90} UoMdn1103Uy temod) uMOpynYys pueUIUIOD oUuTZUuq (J) 
‘oansseid requizyo o3%}s Apeoys pozei oy} Aq poprAIp Osta [eyyTUT oy} Bulanp popz0oez onyea yeed oy} ST OT}e1 OInssead yeog (2) 


(‘sui g jo 101190 poyeutjs q) 


‘Avlop UOT}{UST Jo UOTENTeAS 9}BINDOB OJ JUOTOTJNS jou o}v1 oSuOdser UOTEJUSUNIYsUT (p) 


“UOT}TUST 0} LOFAd oT] OsuBYO 9381 PozZOTpUT OY} 4e S}So} SuTUTeWIer Zutanp peAresqgo oBuvyo 9381 OSTI BU[S¥oIOU] “ON[BA TOMO] 0} OSuKYyO o7B1 OSTA oanssoad aequisyo sojoueq (9) 
‘eansseid rodea yueTjedoad uvy} 103v013 018 UOT}TUSI ye popxr0dea senteA (q) 
‘eSUBYO 9}B.I OSTI OINSSoId JO OUIT}/UOT}EI}IUT OSTA OANSSeXg :JO UOTITUST 0} 1oTAd ou sajousq (ze) 


90-4) ®% F0-VV 


(LT-L 
“B11 pue g-L 


pue 4-2 e148) 


os 


(8-2 e1qeL 


pue LT-2 “31d) 


MOT 
QIt-L ‘8ta) 
000 ‘t= 


(gt-2 *314) 
(etsd o¢p) 
ss ‘0 


(SI-L °Sta) 
M09 = 


([-OT “Sta) 
9% P= 


([-OT “8ta) 
S 


($-6 *31a)/ 


91/0F 


60 8 80-HD 608 8 80E-Ldz 


(8-2 pue 
L-L e148) 
06 


(8-2 e1q%L) 
MOT 


M00F ‘3~ 


(ersd ogy) 
S6 ‘0 


MOGs 


(II-9 91981) 
vs 


(etsd 064 
16°0 


M0Z ~ 


pearesqo 
(p) UON 


€&& 


862-Lde 


([I-9 eTqeL) 
LY 


([I-9 e1q%L) 
M8 ‘OT 


MSL9x 


(etsd 014) 
66 °0 


M9T ~ 


(p)® 


8T 


00€8-LdzZ 


(II-9 919%) 
9s 


([I-9 e1qeL 
MZ 


wMEeso~ 
(etsd 06%) 
46°0 


0g ~ 


()® 


8T 


Tenpei3/¢z 


(‘sjs0} 1oquieyo 
ysniy} eTeosqns 


uo pep1o0odsel 
$,3 0082) 
(LI-L ‘*3ta) 
8Z8 


(41-2 “3ta) 
MST % MOT 
(41-1 *314) 
M006h~ 
(91-2 ‘8ta) 
(etsd 00g) 
6S 0 

(91-2 *3ta) 
MSZI < 


(Z-01 *3ta) 
SZ 


(Z-OT “8ta) 
S 


(Z-0t *3ta) 
€I/8I 


8lé-Laz 


([L-9 eTqeL) 
Lg 


([I-9 914%) 
MP6 


‘“M06hs 


(etsd 0zF) 
9) $80 


Met 


(p) ‘Uorjoefur prnbry] 
AOZTPIXO [VTIUT WOry SU F 
AIQIssog ‘“poAresqo ouoN 


“sul Gg UT 
Isd 01 Sosti pue visd cT 


“uoloofUT 1ezTprxo prnbty] 
poyeMoyeo Jo ouly} ye 
PoyeI}IUT OSTA OINSSsOIg 


(s,3) 


yeed yooys uopTus] ° 


(q) esta 


Tetfuy Jo peo] ywod * 


(9es/q]) (umutxew) 


oyel OST peo'y * 


(9)®St4 [BHTUy 


jO O1}¥1 ormssoad yeog ° 


(00s/tsd) (wnuwtxeu) 


oyel OSI OINSSeIdg * 


(sui) Avjop uoyjqus] * 


gu 


(stu) (g)(e8ueyo 
oyer/Terytur) ‘poyerytuy 
SBM OSTI sInssead yey} 
uoT}IUsT 0} 1OTAd OUT], “eB 


OSTi Oinssoid uoljTUsto1g ° 


doequinyy uny [eordAy, 


(jeuppng3u0] 


zequieyo jsn.1y4) 


uoT}eB1e[Q00y 


(Burpeoy asn.ty3) 


eSe3 urerys 


eanssoid 


aJequieyo ysn.144 


esuel ys 


eainsseid 


soquieyo ysn.1yy 


eSuel MOT 


10-9 


LOCKHEED MISSILES & SPACE COMPANY 


(a .) eanjer90dua, . (qa .) sanyeredwey, 
3 000 ‘Es 9 000 ‘LSz 7 2c Ce 
Teng 


peeT 19ZIprxXoO peo'yT 


(a .) dua, (a .) dwiay, 


SOT}ST.19jOBIBYO 


jowuMeINns vo 
veiinaas qu Ww 


ATANASSV YAAWNVHO LSNYHL €1-Vd-18 WIX TAGOW HOA SLTINSAY LSAL 
T-OT 919®L 


on mg? es ee Ny fe fe ee ee ee ee es ees ee: cs ces Se: tee Pee 


LMSC -A 818110 


10.4 TYPICAL IGNITION CHARACTERISTICS 


In selecting those parameters which were considered the most important indicators of 
ignition characteristics, the evaluation was naturally limited to those parameters 
measured during Sure Fire testing. The chamber pressure measurement discussed in 
paragraph 10.3 was not responsive enough to record the short-duration peak pressure 
data. Nevertheless, the low range chamber pressure measurement provided not only 
indications of the changing characteristics in the chamber prior to and during ignition, 
but also implicitly indicated preignition reaction temperatures within the combustion 
chamber which were not measured during most Sure Fire testing. Also, chamber 
pressure essentially yields the ignition delay time which is extremely important in 
rating the ignition characteristics of any propellant combination. The comparison in 
paragraph 10.3 indicates that a general relation exists between ignition delay, peak 
chamber pressures, and ignition shocks and loads. Thus, as ignition delay increases, 
the peak pressures and ignition shocks also increase. As a result, because chamber 
pressure indicates several significant characteristics and effects, this measurement 
was selected for use in defining and displaying the ignition and preignition characteris- 
tics obtained during Sure Fire testing. As an aid in the analysis of the fuel lead hard | 


start mechanism, the low range chamber pressure characteristics were reviewed in 


detail, and typical characteristics for the XLR 81-BA-13 engine thrust chamber oxidizer 


and fuel leads were derived. These characteristics are plotted in Figs. 10-3 and 10-4. 
The classical hypergolic ignition characteristics described in the literature (Refs. 
1, 2, 3, 4, and 5) and displayed in Fig. 10-2 were reviewed and used for comparison 


and reference. 


During the time period A-B shown in Fig. 10-2, a pressure (and temperature) has been 


established. At high altitude conditions this pressure is achieved by vaporization of the 


preflow propellant. An equilibrium pressure can be achieved close to the vapor pressure 


corresponding to the preinjection propellant temperature if the mass flow rate is large 


compared to the quantity of preflow propellant vaporized. At hard vacuum, where 
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ambient pressure is below the triple point pressure, vapor and solid phases will exist 
until the triple point pressure has been achieved in the thrust chamber (Ref. 6). 

The ratio of solid to vapor varies as a function of the injected bulk liquid temperature. 
Therefore, the initial pressure and temperature conditions in the chamber which can 
influence the succeeding preignition and ignition phases, are a function of the preflow 


propellant temperature and flow rate. 


The period B-C represents time in which both propellants have been injected and are in 
contact (mixing), but wherein no detectable reaction occurs. A pressure rise is not 
expected, and the condition of the mixing propellants may be influenced by the initial 
conditions established by the preflow. At point C, an exothermic oxidizer-fuel reaction 
begins in the liquid phase, raising the mixture temperature and consequently the pres- 
sure. The temperature rise may produce additional propellant varpoization and inter- 
mediate reaction products may be formed during the period C’ to D. The temperature 
and pressure rise accelerates the reaction up to point D, at which a significantly higher 
temperature and pressure occur, denoting a sufficient degree of advancement of the 
reaction (ignition). The ignition lag shown is defined as the time lapse between the 
beginning of initial exothermic chemical reaction and major ignition which is indicated 
by the near vertical pressure or temperature slope. This lag is basically a function 


of the chemical nature of the hypergolic propellants and of their reactivity. 


According to Refs. 2 and 3 the pressure time curves indicate the existence of the 


first pressure level following the injection, which appears to be the result of preliminary 


reactions, possibly neutralization of the amines by the nitric acid, or nitration, or both. 
This reaction releases enough heat to vaporize part of the propellants and raise the 
chamber pressure slightly. These preliminary reactions occur within a very short 
time period of 2 milliseconds or less and do not appear to be influenced by other param- 
eters investigated by the referenced authors. This pressure increase may or may not 
be detectable, depending upon the type of instrumentation used. However, this initial 
level is followed by a second pressure increase to a new level, the duration of which is 
variable and during which the first oxidation reactions seem to occur. The period of 
this second pressure increase is defined as the induction period. It occurs just prior 

to ignition and establishes the conditions which determine if satisfactory ignition will 


occur and how fast. Ignition is evidenced by the sudden rise in pressure. 
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Comparison of this characteristic plot described in the literature with the typical plots 
from XLR 81-BA-13 engine oxidizer and fuel lead tests indicate the following. Accord- 
ing to Ref. 6, for a fuel lead into theXLR 81-BA-13 engine thrust chamber at 

hard vacuum, the triple point pressure is achieved within a few milliseconds after 
injection. An equilibrium chamber pressure, presumably close to the vapor pressure 
associated with the bulk temperature, is attained within 40 to 60 milliseconds. These 
times are well below the minimum time of 130 milliseconds assoicated with the original 
fuel lead engine design. The physical and thermal properties of the fuel (UDMH) and 
oxidizer (RFNA) are quite similar, and the minimum oxidizer flow time exceeds that 
for the fuel. Therefore, for either a fuel or an oxidizer lead at hard vacuum, similar 
pressure and temperature conditions would be expected in the main thrust chamber at 
the time that the lagging propellant is injected. There was no observable pressurization 
detected by Sure Fire test instrumentation during the preflow period for either oxidizer 
or fuel lead starts, except at the high +100°F temperature conditions. Also, a pressure 
was not detected during the neutralization phase. However, for the oxidizer lead, a 
significant increase in pressure to approximately 3 psia, which is greater than the 
oxidizer vapor pressure at +50°F (1.5 psia), was observed prior to complete fill of 
the fuel mainfold. This indicates the occurrence of an initial oxidiation reaction. The 
time period for this preinduction reaction is approximately 34 milliseconds as shown 

in Fig. 10-3, which correlates with the preigniter fuel flow period described in para- 
graph 9.3. The pressure rises to about 5 psia during the 6 milliseconds ignition delay 
period following complete fuel manifold fill. The induction period is equal to or less 
than 6 milliseconds. With the fuel lead, a preinduction pressure level is not observed. 
A long ignition delay of about 25 milliseconds occurs, which includes an estimated 

13 milliseconds induction period, during which the pressure rises prior to ignition as 
indicated in Fig. 10-4. 


Ignition with the oxidizer lead shows two slopes. A pressure level within the range of 
30 to 200 psia occurred for a short 3 to 5 milliseconds duration, followed by a final rise 
toward rated operating pressure. A quantitative assessment of the pressure rise rates 
for the oxidizer lead was feasible with existing instrumentation. The ignition with the 
fuel lead was significantly different in that once ignition began, an intermediate pres- 
sure level was not observed, the time for the pressure to increase was very short, and 


the pressure rise was essentially vertical. The rate was not accurately determinable. 
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The vertical rise obtained at ignition with the fuel lead appears to be characteristic 

of an explosive decomposition of the type described in Ref. 2, attributable to formation 
of unstable high-energy intermediate compounds. Less likely possibilities may be an 
explosive oxidation of the fuel as described in Ref. 5, or reaction of the excess fuel 

as a monopropellant. Whatever the high energy mechanism, it can be stated that 
preignition conditions for the fuel lead are significantly different than for an oxidizer 
lead. According to Ref. 3, at least four factors determine the behavior of the system 
during the induction period: combustion chamber pressure, temperature of the mixture, 
availability of sufficient oxidizer, and ease with which the oxidizer attacks the fuel 

or its decomposition products. From full-scale test data, it is known that a fuel lead 
does not produce a preinduction pressure or an excess of oxidizer like the reliably- 
igniting oxidizer lead sequence. According to Ref. 3, without sufficient oxidizer the 
reaction can be delayed. A significant ignition delay occurs with the fuel lead, implying 
that the mixture temperature can be higher at ignition for the fuel lead, due to a longer 
period in which reactions (neutralization, nitration, or oxidation) can occur. These 


factors are considered further in paragraph 10.5. 


The calculated fill times of the oxidizer and fuel manifolds of the XLR 81-BA-13 
engine thrust chamber are indicated for reference purposes in Figs. 10-3 and 10-4. 
Also noted are the first indications of vapor exposure in the thrust chamber, based on 
propellant valve opening times. 


10.5 EVALUATION OF HARD START MECHANISM 


A summary of the information used in evaluating the hard start mechanism is presented 
in Table 10-2. This summary includes the thrust chamber design factors, which under 
the influence of the test conditions imposed, produced the measurable or calculated 
ignition characteristics (dependent parameters) shown. 


The thrust chamber design factors considered most important for purposes of this 
evaluation are: 


e Configuration of the feed system upstream of injector 
e Injector type 
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e Injection flow pattern, rate, and sequence 
e Characteristic length (L*) 


e Residence time 


The primary parameters varied during Sure Fire testing, which are also independent 
variables, were test altitude (ambient pressure), hardware and propellant temperatures, 
and the type and duration of propellant lead (fuel or oxidizer lead with varying quantities 
thereof). When variable test conditions are imposed on a given design, variations in 
some or all of the dependent parameters are expected. The measured or derived con- 
ditions in the thrust chamber just prior to and at ignition that are considered most im- 


portant in this evaluation are: 


Propellant mixture ratio 
Propellant density (chamber loading) 
Ignition delay 


Location of ignition or reaction 


Ignition and reaction chemistry 


The chemistry of the ignition may influence other parameters, and, therefore may not 
be dependent. Howver, this factor and the other conditions listed above have been 
classified as dependent parameters for purposes of this evaluation. The following com- 
parisons have been made, based on the information in Table 10-2: 

e Fuel vs. oxidizer lead in the XLR 81-BA-13 engine thrust chamber 

e Fuel vs. oxidizer lead in the sub-scale thrust chamber | 

e Comparison of fuel lead characteristics between the reliably-operating gas 

generator assembly and the XLR 81-BA-13 engine thrust chamber assembly 


and sub-scale chamber. 
10.5.1 Engine Thrust Chamber Assembly — Fuel Vs. Oxidizer Lead Comparison 


As seen from Table 10-2, one difference appears to be significant in terms of hardware 
configuration. This involved the preigniter which results from the manner in which fuel 
is sequenced and injected during an oxidizer lead start. As discussed in paragraph 9.3, 


fuel flow injection tests were conducted at Bell Aerosystems Company, and showed that 
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fuel is injected initially through the four center orifices of the fuel injector for a period 
of approximately 40 milliseconds prior to full injection through the remaining fuel 
orifices. This preigniter fuel flow rate, equivalent to approximately 2 percent of the 
total fuel flow rate, coincides with the preinduction pressure (and temperature) rise 
shown on Fig. 10-3 and indicates that an effect of this low level fuel flow is being 
observed. One other possible effect of the configuration is indicated in item A-1 of 
Table 10-2. In this instance, the 5-foot length of the propellant flow path for the 
oxidizer preflow could allow sufficient heat transfer to the preflowing oxidizer to 
maintain higher pressure (and perhaps temperature) in the main chamber after 
injection than the fuel which has a comparatively short flow path of less than 1 foot. 


The mixture ratios and propellant densities (chamber loading) shown in Table 10-2 
(item B-1 and B-2) indicate a possible significant difference in the potential energy 
accumulated in the chamber at the time of ignition. The mixture ratio of 2.4 is near 
the stoichiometric mixture ratio and indicates that a potentially-significant difference 
in available energy exists within the chamber at ignition for a fuel lead start sequence. 
The 25-millisecond ignition delay observed for the fuel lead essentially matches the 
calculated residence time based on the mean velocity of the mixed propellants injected 
into the thrust chamber prior to ignition. This indicates a high probability that oxidizer 
is present in the divergent section of the nozzle prior to and at first ignition for a fuel 


lead start sequence. 


Hypergolic reaction temperatures during the ignition process were not measured during . 
the tests with the XLR 81-BA-13 thrust chamber. However, as discussed previously, 

a definite low level preinduction pressure existed for 40 milliseconds which could be 
attributable to the effect of the low order fuel flow (preigniter) with the oxidizer lead. 
Alternately, the low level pressure could be an inherent characteristic of the propellant 
combination under oxidizer lead conditions, as implied from Refs. 1 and 3. As 
indicated in Refs. 3 and 5, the presence of sufficient oxidizer during the induction 
period appears to be a definite requirement to minimize ignition delay. As a result, 

an additional significant difference probably occurs in the case of the fuel lead in which 
excess oxidizer is not present during the induction phase. Sufficient data is not avail- 
able to determine if a significant difference exists due to formation of highly reactive 


intermediate compounds or to effects of the potential monopropellant characteristics 
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of the fuel (UDMH). Reference 2 indicates that intermediates such as amine nitrates 
can form which are detonable and can contribute to the extemely rapid pressure rise 
rate at ignition with the fuel lead start. It may be possible that without the presence 

of excess oxidizer during the induction period of the fuel lead start, such intermediates 
are formed, probably by an endothermic reaction, and are retained long enough and in 
sufficient concentration to significantly influence the ignition. Sufficient information is 
not available to determine if the UDMH functions as a monopropellant wherein the excess 
fuel (for the fuel lead start) could be decomposed and reacted by the pressure or tem- 


perature from the initial hypergolic reaction. 


Based on the data in Table 10-2, and on the characteristics plotted in Figs. 10-3 and 
10-4, the ignition and preinduction characteristics differ significantly for a fuel and 
oxidizer lead in the XLR 81-BA-13 thrust chamber configuration. It appears that this 
difference is explainable in terms of the fundamental ignition chemistry, wherein the 
presence of excess oxidizer during the oxidizer lead start sequence appears to aid in 
promoting optimum conditions for ignition. The effect of hardware differences appears 
to be secondary with the possible exception of the preinduction pressure rise from the 
fuel preigniter. This preigniter could supplement pressure and temperature already 
existing due to preflow vapor pressure or to the oxidation reaction occurring during 
induction. Also the preigniter could initiate the induction at an earlier time. The 
existence of a long duration low pressure level with excess oxidizer present appears 

to induce conditions which produce a smooth, reliable ignition during the oxidizer lead 
start transient. The lack of excess oxidizer and/or lack of an effective preigniter, or 
its equivalent, apparently does not allow the proper conditions to be established during 
the fuel lead induction period at simulated hard vacuum (and 50°F temperatures), thereby 
delaying ignition. The increased ignition delay then can allow further developments such 
as formation of highly reactable intermediate compunds and accumulation of mixed 
propellants in the combustion chamber and probably in the nozzle, which in turn can 


produce destructive hard starts when ignition is eventually achieved. 
10.5.2 Sub-scale Thrust Chamber — Fuel Vs. Oxidizer Lead Comparison 


As disucssed in the previous paragraph, the sub-scale tests were initially implemented 


to determine the effects of contaminated fuels on the ignition delay and associated 
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ignition characteristics. Based on AEDC test AB-01 data, the sub-scale thrust 
chamber was designed to simulate the residence time of the fuel flow in the full-scale 
XLR 81-BA-13 thrust chamber. After completion of the contaminated fuel tests, sub- 
scale testing was continued to obtain additional data on ignition characteristics without 
modification of the test hardware configuration. The data was intended for use in 
supplementing the analysis of the engine fuel lead test results obtained during the final 
phase of the AEDC altitude test program. Results of these analyses were described 
previously in paragraph 9.2, and significant results relative to the thrust chamber 


ignition process are included in Table 10-2. 


In addition to the simulated residence time, the flow pattern was also simulated as 
closely as possible by incorporating a triplet injector design into the sub-scale chamber 
similar to that used in the engine. Although detailed effects of the injector doublet 
barrier flow pattern existing in the engine thrust chamber had not been determined for 


the sub-scale unit, it was estimated that the effects on ignition would be secondary. 


The fuel and oxidizer sub-scale tests were conducted with different mixture ratios in 
the combustion chamber at ignition, as indicated in Table 10-2. The available energy 
at ignition was greater for the fuel lead case. The chamber pressure characteristics 
appeared to be similar for both the oxidizer and the fuel leads, i.e., a preinduction 
pressure was not observed, and the pressure characteristics during induction were 
similar. Lack of a preinduction pressure is attributed to lack of a preigniter contrary 
to the oxidizer lead start in the main thrust chamber. Even with similar ignition delays 
and induction periods, significant differences in pressure rise rates and ignition shocks 
occurred between the fuel and oxidizer lead tests. The pressure rise rate for the 
oxidizer lead tests at altitude was about 28,000 psi/second, which is an order of mag- 
nitude less than that obtained over the entire range of fuel lead tests conducted at the 
same altitude. The average of maximum ignition shock levels for the fuel lead tests 
was 2200 g's. Limited accelerometer data available during the oxidizer lead tests 
indicated that the ignition shocks were significantly lower than those observed for the 
fuel lead tests when longer oxidizer leads were imposed. For very short oxidizer leads 
(near-simultaneous injection), the ignition shocks and pressure rise rates increased. 


This indicates that oxidizer leads produce soft starts as long as the magnitude of the 
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lead is above some low value. However, hard starts were obtained over the entire 


range of fuel leads testsed up to 100 milliseconds lead time. 


Although hardware damage was incurred during the second fuel lead engine test at 
AEDC, wherein an ignition shock in excess of 830 g's was recorded, damage was not 
observed during the sub-scale fuel lead tests. This difference was not unexpected due 
to the boiler plate construction of the sub-scale thrust chamber. Also, a comparison 
of the conditions at ignition indicate that the sub-scale fuel lead tests may have produced 
somewhat lower loads than those produced during the engine fuel lead tests. The com- 
bustion chamber L-star, which is a measure of the total chamber volume, is higher 
for the sub-scale chamber by a factor of nearly 3 relative to the full-scale chamber, 
and the potential energy indicated by the mixture ratio and propellant density data is 
significantly lower than that during the destructive fuel lead engine tests. Therefore, 
the combination of lower potential energy and higher chamber volume should have 
produced lower chamber loadings during the sub-scale tests. The relatively larger 
thrust chamber volume is important, aiding in producing a more gradual ignition pres- 


sure rise rate and buffering the higher peak pressures. 


As discussed above, significantly large chamber pressure rise rates and ignition shocks 
were obtained with the fuel lead start sequence. The chamber loading was higher for 
the fuel leads, but the hardware design was such that damage did not occur. It is pos- 
sible that the higher chamber loading is a prime cause of the high ignition energy 
released, relative to oxidizer leads. However, the very high pressure rise rates 
suggest that additional energy, over and above that due to the calculated chamber load- 
ing, is being generated during ignition. It is estimated that the source of this energy 

is a high energy intermediate compound formed during the induction period. Since the 
energy was much lower during the oxidizer lead ignition, and since a preigniter was 

not present during the sub-scale oxidizer leads, the presence of excess oxidizer appears 
to be the primary factor in controlling the ultimate energy release at ignition. This is 
similar to the conclusions drawn from the comparison of the full-scale tests, except 
that the preigniter does not appear to be an absolute requisite for acceptable induction, 


although it certainly appears to aid in producing a softer start. 
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The configuration of the sub-scale feed system was such that the heat transfer to the 
fuel and oxidizer preflow was not significantly different, which possible may not have 
been true for the full-scale chamber. However, the ignition delays were similar for 
both the oxidizer and fuel lead sub-scale tests, but hard starts were still obtained with 
the fuel leads and not with oxidizer leads (except for near-simultaneous injection). 
Therefore, these sub-scale test results indicate that the longer heat transfer path for 
the oxidizer preflow in the engine thrust chamber does not produce a significant im- 
provement in conditions produced by the hard vacuum during the oxidizer preflow and 
fuel-oxidizer mixing periods relative to the fuel preflow and mixing periods. However, 
heat transfer tests could be conducted to verify this, and could include temperature 
measurements within the thrust chamber to determine effects of varying fuel and oxidizer. 


leads under vacuum conditions. 


10.5.3 Comparison of Fuel Lead Tests — XLR 81-BA-13 Gas Generator Vs. Engine 
and Sub-scale Thrust Chambers 


From a hardware standpoint, the characteristic length of the gas generator assembly 
including the turbine manifolds is higher by a factor of nearly 4 than that of the main 
chamber and by a factor of 1.5 than that of the sub-scale chamber. In addition, the 
calculated propellant residence time in the gas generator combustion chamber is very 
short compared to that for either the full- or sub-scale units. The very large L-star 
would tend to buffer any peak pressures that could occur. Low residence time implies 
a low quantity of propellant accumulation in the gas generator. An analytical assess- 
ment of the maximum possible propellant accumulation in the turbine manifold was not 
attempted due to the complicated flow path involved and because the constituents of 
the products entering the turbine manifold during the ignition process are unknown. 
(Pressure and temperature increases measured prior to calculated injector manifold 


fill times indicate that a propellant reaction is occurring. ) 


Review of the dependent parameters indicates that both mixture ratio and propellant 
density yield very low potential energy in the gas generator at ignition. An ignition 
delay was not observed; in fact, within the capability of the instrumentation used, 


ignition appears to occur prior to the calculated time for complete filling of the oxidizer 


10-21 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC-A818110 


injector manifold. Regarding ignition chemistry, temperature within the combustion 
chamber was measured during some gas generator tests and showed good correlation 
with the chamber pressure characteristics. A significant preinduction pressure is 
developed within the gas generator, contrary to characteristics observed for the full- 
or sub-scale thrust chamber tests with fuel leads. Injector flow tests were not con- 
ducted on the gas generator, therefore, detailed injection information is not available. 
However, the significant preinduction pressure rise before all manifolds are completely 
filled indicates that a preigniter effect is obtained. An oxidizer preigniter flow is 
possible, but sufficient data is not available to determine if this actually occurs. 
Presence of this preinduction pressure would tend to induce more satisfactory ignition 


conditions. 


Data presented previsouly, in paragraph 5.5, for the gas generator tests, showed that 
high peak pressures do not occur over the range of fuel lead conditions tested in the gas 
generator and that insignificant ignition shocks were observed. Therefore, based on 
existing data and the above discussion, it appears that the gas generator combustion 
chamber and turbine manifold combined volume is large enough to accommodate the 
energy release without adverse pressure peaks or consequent ignition shocks. In 
addition, because a preignition pressure was measured, it is suspected that a preigniter 
characteristic exists in the gas generator. It is recommended that tests be conducted 


to verify if a preigniter or its equivalent exists. 
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10.6 SUMMARY AND CONCLUSIONS 


Comparison of ignition characteristics in the main thrust chamber of the XLR 81-BA-13 
engine shows that the oxidizer is present in large excess, and prior to ignition, a pre- 
induction pressure rise occurs due to a preigniter. Based on main thrust chamber 

test data only, the reliable ignition characteristics could be attributable to presence of 
the excess oxidizer, to the preigniter, or to both. Comparison of data from the sub- 
scale tests indicates that a long preinduction pressure period does not exist for either 
the oxidizer or the fuel lead start sequences, and that relatively short duration pressure 
increases occur during the induction phase of both start transients. The pressure rise 
rates and ignition shocks recorded for the sub-scale fuel lead tests at altitude were 
greater by about an order of magnitude and a factor of five, respectively, than those ; 
recorded for the oxidizer lead tests at the same altitude. Therefore, even without the | 
long preinduction pressure rise, the oxidizer lead start sequence provided a relatively | 
smooth lower energy ignition. This indicates that a preinduction pressure period may 
not be necessary to provide reliable ignition with the IRFNA-UDMH combination, but 


that the presence of sufficient oxidizer during the induction period is the prime require- 


ment. Hence, the hard start mechanism appears to involve the chemistry of the 


ignition and particularly the effects of the quantity of oxidizer present during induction. ) 


The high ignition shocks measured during the fuel lead tests indicate that a highly re- 
actable compound could have been formed or present, which upon ignition added energy 
to the process, causing the high pressure rise rates and accelerations observed. 
Based on Sure Fire test results and on information in the literature, it appears that 
when oxidizer is not present in sufficient quantities during the induction period, a 
suitable oxidation-reduction reaction is not obtained to overcome the effects produced 
by the hard vacuum during the propellant preflow or mixing period, and proper pres- 
sures and temperatures are not developed. Instead, secondary reactions occur in 
which a highly reactable mixture is formed. The mixture can include high energy 
intermediate compounds as well as the UDHM fuel, which itself possesses monopropel- 
lant characteristics. The resultant mixture provides the additional energy which 
causes the hard start at ignition with the fuel lead. In the case of the XLR 81-BA-13 
thrust chamber, the residence time was such that the mixture accumulated downstream 
of the throat during the long ignition delay and produced the nozzle overpressure when 


ignition finally occurred. 
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Although the gas generator operates reliably with a fuel lead, this reliability is 
believed to be due to the relatively large volume which readily accommodates the stored 
energy at ignition and to preignition reactions which indicate the possibility of a pre- 


igniter effect similar to the engine thrust chamber oxidizer lead start sequence. 


In conclusion, ignition chemistry considerations indicate that the design leading to 
reliable ignition in thrust chambers using hypergolic propellants is achieved with an 
oxidizer lead start sequence. It is possible to design fuel lead chambers with 
acceptable ignition characteristics by incorporating features which satisfy induction 
requirements and eliminate potentially catastrophic energy sources at ignition. How- 
ever, any new thrust chamber design must be thoroughly analyzed, and reliable ignition 
must be demonstrated through a properly designed development and qualification test 
program, This applies to chambers with either oxidizer or fuel lead start sequences, 
but particular emphasis should be placed on the latter. If the new design is an engine 
for a medium-sized space vehicle or larger, sub-scale testing can be a valuable 


adjunct during the early design and development phases. 
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Section 11 
RELIABILITY ENGINEERING ANALYSIS 


11.1 OVERALL OBJECTIVES 


An analysis of reliability engineering applicable to Project Sure Fire is provided in 
this section. The discussion and data included covers the following objectives: 


e Review XLR 81-BA-13 engine major testing and problem history 

e Assess in a general manner the reliability demonstration provided by 
Sure Fire test programs , 

e Provide a detailed review of Project Sure Fire reliability activities in 
compliance with form DD 1423, item 62B, Reliability Engineering Analysis 
[ Supplemental Agreement No. 25 to the AF 04(695)-545 Contract]. 


11.2 XLR 81-BA-13 ENGINE DEVELOPMENT AND TEST HISTORY 


The XLR 81-BA-13 multiple restart engine was developed from the basic Agena 

YLR 81-BA-11 single restart engine. The design and development of the XLR 81-BA-13 
engine has progressed in three distinct design phases as shown in Fig, 11-1. The first 
phase encompassed major change in the start system required to provide multiple re- 
start capability. The second phase incorporated an electronic gate and change to indi- 
vidual fuel and oxidizer gas generator solenoid valves in place of the latching type 
bi-propellant valve of the original design. This second engine design is the configura- 
tion flown on GATV 5002. The third design phase, implemented and tested by Project 
Sure Fire, is the engine configuration flown on GATV 5003 andup. Design improve- 
ments during each of these major design phases were accomplished as the basic 
development and testing continued, however, these improvements were of secondary 
importance, and are not included in this discussion. | 
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Fig. 11-1 Design Phase Evolution 
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11.2.1 Basic YLR 81-BA-11 Engine Development 


The basic YLR 81-BA-11 engine from which the XLR 81-BA-13 is derived began 
development in 1959 and first flew in 1960. Only one flight failure of the YLR 81-BA-11 
engine has been recorded in over 170 flights since 1960. The extensive test programs 


and flight history, as shown in Table 11-1 have demonstrated the exceptional reliability 
of this engine. 


Table 11-1 
SUMMARY OF YLR 81-BA-9/-11 ENGINE OPERATIONS 


1 Preliminary Flight Rating Test (PFRT) Program 
1 Engine Reliability Test Program 
5 Vehicle Assembly Propulsion Test Programs 
A 30-Day Coast Test Program 
2 Altitude Test Programs at AEDC 
170+ Agena Flights 


11.2.2 XLR 81-BA-13 Engine Phase I Development 


Two experimental test engines were assembled in the Phase I design configuration 
utilizing the latching type gas generator valve. Test engine XRM-1 underwent acceptance 
testing at BAC and altitude testing to 120,000 feet at AEDC. Test engine XRM-2 under- 
went acceptance tests at BAC and subsequent sea level testing at the BAC test center. 

A summary of these test programs is shown in Table 11-2. The most significant 
problem encountered in these tests was the difficulty experienced with the latch type gas 
generator valve. A combination of valve failure and test operations resulted in a 


destructive turbine overspeed. 
11.2.3 XLR 81-BA-13 Engine Phase II Development 
One experimental test engine and four production engines were assembled and used in 


the Phase II configuration. Five production engines originally delivered in the Phase II 
configuration were subsequently modified to the Phase III design configuration. 
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Table 11-2 
SUMMARY OF XRM-1 AND XRM-2 ENGINE OPERATIONS 


XRM-1 Tests XRM-2 Tests 
6 Acceptance 6 Acceptance 
2 Altitude Cell Checkout 66 Development Tests 
68 Altitude Test Runs 
1350 Seconds of Operation 2260 Seconds of Operation 


Altitude and Development Testing at temperatures of 10, 32, 60, 
90 and 140°F, 


Experimental engine XRM-3 underwent acceptance testing and subsequent sea level 
testing at BAC. Production engines 801, 802, and 803 were utilized in PFRT, PTVA, 
and GATV 5001 hot-fire tests, respectively, and engine 804 was flown on GATV 5002. 
The 801, 802, and 803 test programs are summarized in Table 11-3. The most signi- 


ficant problem in the use of the Phase II engine configuration was the failure of engine 
804 in flight. 


Table 11-3 
SUMMARY OF PHASE II ENGINE OPERATIONS 


XRM-3 Tests 801 Tests 
5 Checkout 5 Acceptance 
55 Development Tests 35 PFRT Tests 
520 Seconds of Operations 620 Seconds of Operation 
802 PTVA Tests 803 Hot Fire Tests 804 Flight Test 
5 Acceptance 5 Acceptance 6 Acceptance 
24 2 to 184 Second Duration 5 GATV 5001 Hot Fire 1 Flight (Failure) 
4 Propellant Depletion 
700 Seconds of Operation 360 Seconds of Operation 120 Seconds of Operation 
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11.2.4 XLR 81-BA-13 Engine Phase III Development 


Two of the five Phase II production engines (803 and 805) were modified to the Phase 
Ill design configuration and used in Project Sure Fire testing. The remaining three 
modified engines and two new engines are being used for flight vehicles. Engine 803 
was used in FWD testing at BAC and subsequently at AEDC in altitude testing. Engine 
805 was used at AEDC in altitude testing. These test programs are summarized in 
Table 11-4. The most significant problem encountered in the use of the Phase II 
engine configuration was the destructive start experienced on engine 805 due to fuel 
contamination. A predicted destructive start was also experienced on engine 803 
during altitude testing because the engine operating characteristics had been modified 
to provide a fuel lead similar to the Phase II engine design configuration. 


Table 11-4 
SUMMARY OF PHASE III ENGINE OPERATIONS 


Engine 803 Sea Level Tests Engine 805 Altitude Tests 
5 Reacceptance 5 Reacceptance 

| 42 FWD Tests 7 FWD Tests 
615 Seconds of Operation 160 Seconds of Operation 
Engine 803 Altitude Tests Engine 808 Tests 
38 FWD Tests 5 Reacceptance 


385 Seconds of Operation 9 Flight 
| 360 Seconds of Operation 


Engines 806, 807, 809, and 810 
Acceptance Tests 


20 Starts 
500 Seconds of Operation 
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11.2.5 XLR 81-BA-13 Engine Component Development 


Coincident with the development of the XLR 81-BA-13 engine through the previously 


described design phases, testing of individual engine components was also accomplished. 


New components developed for the XLR 81-BA-13 engine were subjected to basic 
development tests, PFRT or flight verification tests, and engine level operational tests 
as discussed in the paragraph above. Certain basic components of the YLR 81-BA-11 
engine were modified and subjected to testing required for development and to engine 
level operational tests as discussed above. 


During the Sure Fire program, the electronic gate and pressure switch relay box were 
subjected to elevated stress testing; all engine components were subjected to engine 
level FWD sea level and altitude tests. 


11.2.6 XLR 81-BA-13 Engine Subassembly Development 


The turbine pump and gas generator start system were tested at subassembly levels 
throughout all three design phases of engine development. Prior to Project Sure Fire, 
over 600 starts of the gas generator and turbine pump had been accomplished. One 
hundred and six R&D Tests, 49 "boiler plate" model tests, and 453 prototype tests 
comprising over 18,500 seconds of operation were conducted. Additional start system 
and turbine pump tests during Sure Fire amounted to 193 tests comprising over 1700 
seconds of operation. 


11,3 RELIABILITY ASSESSMENT OF THE XLR 81-BA-13 ENGINE TEST HISTORY 


The test and flight operations of the XLR 81-BA-13 engine development resulted in: 


Phase I 148 Starts for 3610 seconds of operation 
Phase II 150 Starts for 2320 seconds of operation 
Phase III 127 Starts for 1765 Seconds of operation 


Three major engine failures occurred during the three phases of engine development. 
The first engine failure was a destructive turbine overspeed which occurred during 
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turbine pump testing and testing of experimental engine XRM1. As a result of this 
malfunction as well as an analysis of crew safety aspects of the GATV operation, the 
electronic turbine overspeed circuit (electronic gate) was developed and installed on 

the engine. The second major failure was the destructive hard start of engine 804 in 
flight. As a result of this malfunction the engine start sequence was modified to provide 
an oxidizer lead similar to the YLR 81-BA-11 engine start sequence. The third major 
failure was the destructive start of engine 805, resulting from fuel system contamination 
by water and alcohol. Test facility changes and test procedural changes were incorpo- 
rated to prevent a recurrence of contamination failures during the test program; engine 
design changes were not required. 


The final altitude test of engine 803 was a fuel lead test which resulted in a main 
oxidizer line rupture. The engine configuration during this test was essentially the 
Same as the Phase II design which experienced the in-flight hard start. It has been 
concluded that this final altitude test demonstrated a significant difference in altitude 
testing conditions between Phase I and Phase III test programs, and also demonstrated 
the primary cause of the engine 804 flight failure. 


The investigation of the described failures, the identification of failure causes, and the 
corrective action taken has resulted in development of a reliable engine design for the 
Gemini mission. 

11.4 PROJECT SURE FIRE RELIABILITY ANALYSIS 

11.4.1 Reliability Activities 

The LMSC Product Assurance and Reliability Program Plan for Project Sure Fire, 


identified as enclosure (A) to LMSC A798821 dated 29 April 1966, required five distinct 
_ reliability activities: 


a. Review of test plans, test facilities, and test results. 
b. Review and approval of vehicle changes which interface with the XLR 81-BA-13 
engine. 
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c. Review of engine design changes for compatibility with the Gemini Agena 
Vehicle. 

d. Review of equipment failures and corrective action on Sure Fire engines 
and test programs. 

e. Review of component failure histories for components utilized on the 
modified Sure Fire engines and testing programs. 


The organization of the Sure Fire project assigned the above reliability activities to 
the technical direction (engineering) function. Most of the reliability effort was 
performed in parallel with the planning and design effort on an active participating 
basis rather than as an after-the-fact review. Many of the product assurance efforts 
and the reliability efforts discussed are closely related and were performed jointly by 
engineers of either or both areas. 


Reliability activity a., review of test plans, test facilities and test results, is one 

such area of joint effort and is discussed as a detailed example of the operation of the 
reliability/product assurance interface. Considerations of the test limits, test 
sequence, test data requirements and accuracy, and test configuration were all performed 
as the major test plans for sea level and altitude engine FWD testing evolved. This test 
planning reliability effort was performed within the technical direction group. Similar 
considerations for the component FWD and elevated stress tests were performed jointly, 
including activity by the LMSC Sure Fire resident product assurance representative at 
BAC. Review of the test facilities and facility procedures was also a joint effort by 
product assurance and technical direction group representatives at BAC and AEDC, 

The review of test results, especially, monitoring results for indications of malfunction 


or anomalous operation, was also accomplished on a joint basis. 


In the BAC test programs the product assurance representative participated in the 
actual testing activity, providing a direct observation of test results while the technical 
direction activity performed detail review of test results. In the AEDC testing, the 
technical direction group participated in actual testing and data evaluation between tests, 
and also reviewed the detailed analysis of all test data subsequent to a test series. 
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This combination effort by both reliability and product assurance was utilized 
throughout the five reliability activities listed above. The resulting design and testing 
programs thus benefited from maximum incorporation of reliability considerations in 
both the conceptual and performance phases of the program. 


An example of the interface design change activity (related to reliability activities b. 
and c.) is the series of reliability reviews conducted during the engine electrical con- 
trol circuit changes. Reliability review of the electronic gate operation, particularly 
the relay current ratings, led to a requirement for change in the electrical load handling 
capability of the gate relays. Design evaluations of new higher-rated relays and change 
of the gate electrical application led to a consideration of using the vehicle aft safe 

arm J-box to provide control for some of the engine high electrical load components. 
Consequently, review of the vehicle interface and vehicle hardware was required to 
determine compatibility with several proposed electrical circuits. The final electrical 
control circuit design resulted in significantly improved reliability by elimination of 
several critical piece parts which were originally in series in the primary electrical 
function of providing power to the engine solenoid valves. 


A similar series of reliability reviews, modifications, and results occurred in the 
change from the engine relay box to the junction box concept for use of the OMPS and 
OFPS circuits wherein consideration of critical engine start transient evaluation 
required changes in the monitoring of switch operation with corresponding changes in 
the vehicle telemetry requirements. Analysis of these requirements, methods of 
incorporation, and attendent reliability of the required circuitry resulted in minimizing 
the change to the addition of one resistor in the junction box telemetry network. All 
design changes relating to vehicle interface with the engine were reviewed prior to 
incorporation as were engine design changes proposed by BAC. These reliability 
activities were performed within the technical direction function with product assurance 
assistance in the areas of component review and change documentation review. 


Reliability activity d., review of equipment failures and corrective action, was conduc- 
ted jointly. The Product Assurance representative, participating in the testing at 
BAC as discussed previously, followed the investigation, analysis, and corrective action 
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of problems encountered on a joint basis with the resident technical direction engineer 

at BAC. Equipment failures occurring at AEDC were verified and reported by the 
resident technical direction personnel at AEDC and the subsequent evaluation at BAC 
was accomplished as described above. An evaluation of each malfunction was performed 
and appropriate corrective action taken as required. The major design and testing 
activities were performed directly by BAC and therefore, the BAC failure reporting 
system was used for documentation of the investigations and actions taken. Table 


11-5 presents a summary of the investigations conducted. 


Program Plan reliability activity e. was to review the failure histories of the compo- 
nents utilized on the modified engines for flight and testing operations. This review 
was performed in two separate activities. First, the components selected for use in 
the test programs, including possible spare units, were researched to determine prior 
utilization including component testing, engine level starts, accumulated run time, and 
prior failure or rejection history, if any. This search concentrated on such components 
as: start tanks, valves, filters,flex hoses and lines, and electrical components. All 
items were reviewed by serial number and their histories were found to be acceptable 
for the test programs. Actual test performance has demonstrated that the reliability 


of the test data was not compromised by any component. 


The second activity was to review, by serial number, the individual components 
utilized on each of the modified engines delivered by BAC for flight. The component 
history and performance evaluation during acceptance testing of the engine was 
accomplished as a function of the formal acceptance activity on each engine. The 
only signficant finding during the reviews of the engines accepted related to instances 
of leakage rates above specification on several components. These items were 
replaced prior to delivery. Table 11-6 summarizes the findings of these reviews 
conducted on the first six modified engines. 
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11.4.2 Reliability Problem Areas 


The equipment problems encountered during Project Sure Fire as shown in Table 11-5 
and 11-6 are summarized into general areas in Table 11-7 and discussed in the follow- 
ing. Only two problems resulted in failure of the XLR 81-BA-13 engine to fire properly. 
One was a malfunction of the test facility simulated safe/arm J-box at BAC and the other 
the contamination of the fuel system with water and alcohol at AEDC. All other problems 
relate to component level conditions which did not affect proper engine operation. Several 
problems occurring during other than FWD and acceptance testing are not discussed in 
this section but are discussed elsewhere in this report. Examples are the relay failure 
during relay box development (Section 8) and the fuel gas generator valve failure during 
the turbine pump testing (Section 8). 


Out of Specification Leakage Problems. Seven of the 16 leakage problems were expe- 


rienced with fuel gas generator solenoid valves (FGGSV). As discussed in Section 8, 
the leakge problems appeared to be caused by two distinct classes of contamination. 

The first, resulting in leakage rates one or two orders of magnitude greater than speci- 
fication was the result of a large foreign particle (metal or teflon) in the valve seat 
area. The second class of contamination resulted in only minor out of specification 
leakage which was often corrected by subsequent valve operating cycles, flush, or 
retest. Typical particle and fiber counts made after contamination flush check or 
disassembly showed no observable contamination in these cases. Three of the leakage 
problems were seals on the turbine pump assembly of engine 803. The oxidizer start 
tank fill valve and No valve on engine 803 also exhibited leakge. This engine had been 
through extensive testing including normal BAC acceptance, SCTB tests, launch facility 
flush simulations, reacceptance after modification, and Sea Level FWD tests. Engine 
803 was subjected to further testing during the altitude FWD testing program wherein 
salt buildup on the oxidizer lip seal and wear on the turbine drive seal were found. One 
oxidizer dual check valve was found to be leaking due to contamination. The remaining 
three leakage problems were concerned with the main fuel valve (one problem) and main 
oxidizer valve (two problems) but corrective action is considered unnecessary for these 


minor leakage discrepancies. 
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Disregarding the leakage problems found on engine 803 after extensive test use, the 


primary leakage problem is attributed to contamination on valve seat surfaces. 


Test Equipment, Facility, and Procedure Problems. Test equipment design, condi- 


tion or setup was the basic cause of nine problems. The electrical and pneumatic test 
set wiring and EMI design caused three gate trip problems. Test setup and subsequent 
loss of a balancing weight on the XRM-4 vibration test caused an actuator bolt failure. 
The condition of test equipment resulted in five problems caused by: damaged test 
harness, two problems; drying oven failure, two problems; and malfunctioning lamp 
socket, one problem, Test facility operation and instrumentation was the cause of 
four problems. Main fuel valve actuation pressure line length and bleed-in caused 
slow operation of the fuel valve at AEDC. The conditions of fuel system bleed and 
flushing at AEDC resulted in chamber failure on test run AB-01 with subsequent 
testing of the engine harness showing out of specification operation. Three cases of 
electronic gate TM output being out of specification were due to erroneous limits 
specified in the test procedure for the operating condition of the gate in the present 
vehicle configuration. The schedules of Project Sure Fire required that equipment 

be obtained and set up, and procedures generated on an accelerated basis. This 
limited the time available for absolute pretest inspection and checkout of all facilities, 
thereby contributing to the number of facility discrepancies experienced during the 
program, 


Human Error and Human Induced Problems. The eight problems in this area were 
evenly divided between equipment installation, flushing, workmanship, and procedural 
errors. Under-torquing of turbine pump bolts and damage to a bonding strap were the 
cause of the installation problems, Improper flushing of the engine components at 
AEDC after test AB-01 resulted in leakage and sticking of the dual check valves when 
subsequently tested at BAC. Workmanship errors resulted in (1) contamination of the 
simulated safe arm J-box, preventing an engine start, and (2) rejection of a pump 
housing due to anundrilled port. The two procedural errors occurred during a start 
tank charging operation and during cleaning of a fuel burst disc holder. Considering the 
level of effort required in modifying and testing the Sure Fire engines, these eight 
instances of human errors are minor and indicate a high level of personnel performance 


throughout the Sure Fire program. 
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Equipment Mechanical Defects. Five causes of mechanical defects were all instances 
of wearout conditions resulting from overuse of the equipment. Repeated opening of 
lines, torquing of bolts, or operations of the engine beyond the normal cycles of test 
and flush resulted in stripped threads, worn wrench surfaces on bolts, and seized 
nuts or bolts. These problems are considered minor and had no effect on any test 


or operation of the engine. 


Design Problems. Three design problems were encountered during the Sure Fire pro- 
gram. The first was the opening time nonrepeatability of some fuel gas generator 
solenoid valves. The primary conclusion of the extensive analysis conducted and 
reported in Section 8 is that this nonrepeatibility was caused by O-ring friction forces 
which are subject to complex interrelated conditions in the valve design and applica- 
tion. The design improvements discussed in Section 8 are not considered required 

at this time as careful evaluation of the performance of the individual valves prior to 
flight provides a significantly safe margin of operation to assure reliable flight opera- 
tion. 


The second design problem involved the leakage of two fuel dual check valves. Change 
in the O-ring lubricant used by the vendor has resolved this problem and no further 
design activity is necessary. The third design problem involves the oxidizer pump 
housing-to-bearing support O-ring seal. Extrusion of the seal out of the seal groove 
has resulted in an analysis of O-ring material application and O-ring groove clearance. 
The extrusion condition is caused by swelling of the seal, primarily as a function of 
exposure to one of the flush fluids. Such exposure causes extrusion if the O-ring 


swells to a volume greater than the corresponding groove volume. 


An additional inspection requirement has been established to ensure that no O-ring 
extrusion has taken place after all BAC engine testing and flush operations. A design 
improvement allowing more O-ring groove volume is considered feasible. However, 
the aforementioned inspection requirement is considered adequate to assure that engine 
performance will not be compromised and a design change is not considered justified 


for the remaining Gemini missions. 
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11.4.3 Conclusions 


Four primary reliability conclusions can be drawn from the foregoing discussions. 


e The extensive testing of the XLR 81-BA-13 engine has demonstrated an 


operating reliability consistent with the Gemini/Agena mission requirements. 


e The individual workmanship and performance demonstrated during the modi- 
fication and testing of the engines was very good. 

e Tighter contamination control should be exercised, especially on close 
tolerance critical components, to minimize contamination and leakage 
problems, . 

e No component or engine design changes are required to assure continued 
engine operating reliability. 
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Section 12 
ENGINE RETROFIT KITS 


12.1 KIT PURPOSE 


An oxidizer feed pressure switch (OFPS) disable kit and an oxidizer manifold pressure 
(OMP) transducer installation kit were designed for the modified XLR 81-BA-13 
engine. The purpose of these kits was to provide an alternate design capability for 
the initial GATV flights pending successful completion of the engine FWD tests and 

the OMP transducer dynamic tests. The parallel design effort was required due to 
the limited Sure Fire schedule. The aforementioned tests were successfully com- 
pleted and the kits, therefore, were not incorporated into the final engine design. 


12.2 KIT DESCRIPTION 


The following paragraphs describe the conditions which led to the design of the kits 
and provide further detail of kit description and use. 


12.2.1 Oxidizer Feed Pressure Switch (OFPS) Disable Kit 


Three design options of the engine control system were considered in parallel with 
the engine and component testing programs. These options, making basic use of the 
oxidizer manifold pressure switch (OMPS), were: 


a. OMPS only with Relay Box 
b. OMPS/OFPS with Relay Box 
OMPS/OFPS with Junction Box 
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To minimize any possible vehicle retro-fit difficulties, based on the final design 
choice, the engine harness and component installations were standardized to provide 
for all three design options. Options b. and c. required the substitution of a relay box 
or junction box. Option a. required removing, at least electrically, the OFPS from 

the control circuit. To provide for the minimum retro-fit time, all engines were tc 
be assembled with the OF PS installed. If option a. was chosen for the engine contro] 
system, the OFPS would be electrically disconnected. To provide for this eventuality, 
a disable kit was designed for field installation to stow the harness connector that 
normally would be connected to the OF PS. 


The kit consisted of a bolt-on bracket with mating dummy connectors. The dummy 
connectors were unwired but were sealed for environmental protection. If the OFPS 

was to be disabled, the kit would be installed on the oxidizer line upstream of the main 
oxidizer valve as shown in Fig. 12-1. A dummy connector would be placed on the OF PS 
and lockwired in position to cap the OF PS connector. The engine harness connector 
would be attached to a mating dummy connector on the bolt-on bracket and lockwired 
inplace. The OFPS pressure sensing tube assembly would be removed, a cap installed 
at the OFPS sensing port, and the union at the oxidizer valve replaced with a plug to mini- 
mize potential high-pressure leakage points. By use of this design, options a. and b. 


could be used without replacing the engine harness and with a minimum of retesting. 


Prior to engineering release and fabrication of the disable kits, the Air Force directed 
the use of option c. for the Gemini Mission. Therefore, release and fabrication of the 
kits was suspended and no kits were actually produced. 


12.2.2 Oxidizer Manifold Pressure (OMP) Transducer Kits 


The OMP transducer kits were generated as a result of (1) questionable dynamic 
adequacy of the flight OMP measurement which had an unsupported tube assembly 

of over 20 inches, and (2) excessive oxidizer leads and OMPS chatter observed during 
the first six AEDC tests. LMSC recommended that the OMP measurement be re- 
moved from flight vehicles. However, this recommendation was not accepted, and 
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under these circumstances it was felt advisable to revise the transducer installation 
and shorten the unsupported tube assembly. On 11 February 1966, LMSC requested 
BAC to evaluate the possibility of mounting a bracket for the transducer on the 
engine fuel valve assembly and submit a proposed installation design. This action 
was accomplished and a drawing, BAC 8247-478031, was produced. After review of 
the design, LMSC requested BAC to fabricate three brackets and associated sensing 
tubes. At the same time, an effort was initiated at LMSC to subject a flight tube 

to some overtest levels of vibrational environment and evaluate the criticality of the 
existing installation. Such a test was conducted on 3 and 4 March 1966. 


The test items utilized consisted of a simulated OMPS tube assembly, BAC 8096- 
470202-5, fabricated at LMSC Shops in Sunnyvale in accordance with BAC drawings and 
a transducer tube assembly, P/N 1366073-627. The OMPS tube assembly was mounted 
to two restraining blocks on a shaker table thus simulating its installation on the 
engine. One end of the OMPS tube assembly was plugged and the other end connected 
to a source of Freon solvent, TF, pressurized to approximately 600 psig. The trans- 
ducer tube assembly, P/N 1366073-627, drawn from LMSC production stores, was 
attached to the welded boss on the OMPS tube assembly, and the end which would 
normally be attached to the transducer was connected to a mounting block. The 

system was then filled with Freon TF, bled of air, and the tests conducted. 


The tube assembly, P/N 1366073-627, was vibrated in two planes, one parallel to the 
plane of its attachment to BAC tube assembly 8096-470202-5 and the other perpendicu- 
lar to the attachment plane (Z axis). While vibrating the assembly, a fluid pressure of 
approximately 600 psig was introduced. 


Significantly, Z axis sine Sweeps and dwells, particularly at the resonating frequencies 
(1st and 2nd harmonics), constituted a reasonable overtest in terms of the fatigue life 
and dynamic adequacy of the installation. Exposure to the above environments pro- 
duced no evidence of either leakage from or damage to the assembly. 
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As a result of the outcome of these tests and the confidence they generated, Vehicle 

5003 was committed to flight with the long unsupported tube assembly. Satisfactory 

operation of the engine during Vehicle 5003 flight validated the configuration integrity. 

Therefore, the use of the kits for relocation of this transducer has not been required 
for XLR81-BA-13 engine flight use. ) 
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